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New design proposal to mimic the joint structure between bone and hyaline 
cartilage 
 
In medical device engineering, there are several cases where there is an imperative need of obtaining 
bioresponsive surfaces to achieve an optimal integration of a certain biomaterial with the surrounding 
tissue. Surface engineering has provided different approaches, however for certain applications 
obtaining an intimate bonding between the tissue and the implant remains a clinical challenge. In this 
work, we present a newly developed technique that allows the obtention of biomimetic surfaces onto 
any substrate that can be subject to plasma modification.  
As a proof of concept, we have applied the technology to obtain a heterogeneous scaffold for 
osteochondral repair, which has a great potential to be used as regenerative therapy. One of the great 
challenges in osteochondral repair is achieving a high degree of mimicry of the whole joint structure, 
from the subchondral bone to the surface of hyaline cartilage. Our methodology allows the 
immobilization of a cartilage-like hydrogel onto a bone-like bioceramic platform by means of a polymeric 
coating. The bioceramic acts not only as mechanical support and anchoring point to the subchondral 
bone, but also it acts as a reservoir of calcium and phosphate ions, which through diffusion help in the 
creation of the stiffness gradient present in joints.  
Thus, in the present thesis, we have worked on the design of the different parts that will form the 
osteochondral heterogeneous scaffold. First, to gain insight into the stiffness gradient creation, we have 
studied the bioactivity of different commercially available bioceramic bone substitutes, which are 
potential candidates to be used as bone-like platform. Next, we have validated the viability of the 
polymeric coating obtained through PECVD in this type of biomaterials and shown how it does not 
compromise their bioactive properties. Moreover, we have demonstrated how the designed surface 
modification allows the obtention of a stable interface, which is not disrupted by physiological changes, 
that enables the subsequent self-assembly of a cartilage-like hydrogel. In vitro studies show how our 
immobilizing technology preserves cell viability, and that our hydrogel formulation enables cell migration 
as well as it provides a suitable environment for both chondrogenic and osteogenic differentiation of 
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 En el diseño de dispositivos médicos existen numerosos casos en los que es necesaria la 
utilización de superficies bioactivas para lograr la integración óptima de un implante con el tejido que 
le rodea. La ingeniería de superficies propone diferentes soluciones, sin embargo, en determinadas 
aplicaciones, la obtención de una unión íntima entre el tejido y el implante aún es un reto clínico. En el 
presente trabajo, presentamos una técnica que permite la obtención de superficies biomiméticas en 
cualquier sustrato que pueda ser sometido a modificación por plasma. 
Como prueba de concepto, hemos aplicado la tecnología desarrollada en la obtención de un scaffold 
heterogéneo para la regeneración del tejido osteocondral, con un gran potencial para ser usado como 
terapia regenerativa. Uno de los grandes retos en la regeneración osteocondral, es lograr un grado 
elevado de semejanza con la estructura articular, desde el hueso subcondral hasta la superficie 
articular. Nuestra metodología permite la inmovilización de un hidrogel que imita el tejido cartilaginoso 
en la superficie de una plataforma bioceràmica, la cual reproduce el hueso. Ésta última, actuará como 
soporte mecánico y punto de anclaje al hueso subcondral, a la vez que proporcionará un reservorio de 
iones de calcio y fosfato que ayudarán en la creación del gradiente de dureza presente en las 
articulaciones. 
Así pues, en esta tesis hemos trabajado en el diseño de las diferentes partes que conformaran el 
scaffold. En primer lugar, para profundizar en la creación del gradiente de dureza, hemos estudiado la 
bioactividad de diferentes sustitutos óseos biocerámicos comerciales, los cuales son candidatos 
potenciales para ser utilizados en la construcción del scaffold. A continuación, hemos validado la 
viabilidad del recubrimiento polimérico obtenido por PECVD en sustratos biocerámicos y hemos 
demostrado como no compromete su bioactividad. Además, hemos demostrado como la modificación 
superficial permite la obtención de una interfaz estable, que no se altera por cambios fisiológicos, la 
cual permite el autoensamblaje del hidrogel. Los estudios in vitro realizados demuestran que la 
tecnología de inmovilización preserva la viabilidad celular, y que la formulación permite la migración 
celular además de proporcionar un entorno adecuado para la diferenciación condrogénica y 
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En el disseny de dispositius mèdics existeixen diversos casos en els quals és necessària la utilització 
de superfícies bioactives per aconseguir la integració òptima d’un implant amb el teixit que l’envolta. 
L’enginyeria de superfícies planteja diferents solucions, tot i així, per algunes aplicacions, l’obtenció 
d’una unió íntima entre el teixit i l’implant encara és un repte clínic. En aquest treball, presentem una 
tècnica que permet obtenir superfícies biomimètiques en qualsevol substrat que pugui ser sotmès a 
modificació per plasma. 
Com a proba de concepte, hem aplicat la tecnologia desenvolupada en l’obtenció d’un scaffold 
heterogeni per la regeneració del teixit osteocondral, amb un gran potencial per ser utilitzat com a 
teràpia regenerativa. Un dels grans reptes en la regeneració osteocondral, és assolir un grau elevat de 
semblança amb l’estructura articular, des de l’òs subcondral fins a la superfície articular. La nostra 
metodologia permet la immobilització d’un hidrogel que imita el teixit cartilaginós a la superfície d’una 
plataforma bioceràmica, la qual reprodueix el teixit ossi. Aquesta última, actuarà com a suport mecànic 
i punt d’ancoratge a l’òs subcondral, a la vegada que proporcionarà un reservori de ions de calci i de 
fosfat que ajudaran a la creació del gradient de duresa present en les articulacions. 
Així doncs, en aquesta tesi hem treballat en el disseny de les diferents parts que conformaran el 
scaffold. En primer lloc, per tal d’aprofundir en la creació del gradient de duresa, hem estudiat la 
bioactivitat de diferents substituts ossis bioceràmics comercials, els quals son candidats potencials per 
ser utilitzats en la construcció del scaffold. A continuació, hem validat la viabilitat del recobriment 
polimèric obtingut per PECVD en substrats bioceràmics i hem demostrat que no compromet la seva 
bioactivitat. A més, hem demostrat que la modificació superficial permet l’obtenció d’una interfície 
estable, que no es veu alterada per canvis fisiològics i permet l’autoensamblatge de l’hidrogel. Els 
estudis in vitro realitzats demostren que la tecnologia d’immobilització preserva la viabilitat celꞏlular, i 
que la formulació permet la migració celꞏlular a més de proporcionar un entorn adequat per la 
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Introduction: Osteochondral repair 
The present chapter summarizes the current strategies for osteochondral 
repair, which due to the complex structure of articular cartilage, lead to non-
optimal result. The imperative need to improve the outcomes of the existing 
cartilage repair techniques has motivated the orthopedic research community 
to seek for new methods. This thesis will focus on the development of a 
biomimetic scaffold that reproduces the heterogenicity of the osteochondral 
unit, from the subchondral bone to the articular cartilage.  
1.1 Introduction 
As life expectancy has increased over the years, population has become more susceptible to 
non-communicable or chronic diseases, mainly musculoskeletal diseases1. Their burden increase 
is caused to a large extent by aging, and unfortunately, it is expected to keep increasing with the 
aging of the global population2. 
Musculoskeletal conditions encompass a wide spectrum of disorders, from those of short 
duration to lifelong disorders, which include osteoarthritis, rheumatoid arthritis, osteoporosis and 
low back pain3. Joint pain constitutes the major cause of disability and pain in middle-aged and 
older people, more specifically, it has been estimated that half the world’s population over 65 
years old suffers from osteoarthritis, which is the disorder of articulating joints in humans with a 
higher prevalence4. Osteoarthritis involves the degradation of articular cartilage, thickening of the 
subchondral bone, osteophyte formation and variable degrees of synovium inflammation5. It is 
characterized by the loss of extracellular matrix (ECM) components, such as collagen and 
proteoglycans, which perturbs the ECM and flaws tissue’s biomechanical properties6.  
Due to its avascular nature, cartilage shows a low tendency for self-repair as it is difficult for 
progenitor cells to access the damaged site. Thus, even minor injuries may be maintained for 
years and can eventually lead to progressive damage and osteoarthritic joint degeneration7.  
Back in 1743, the anatomist William Hunter wrote: “Cartilage injury is a troublesome problem 
[…] that, once destroyed it is not recovered”8. Since then, different approaches to heal the 
damaged tissue have been proposed, however, the complete repair of articular cartilage defects 
still represents a clinical challenge.  
The first studies to assess the regenerative potential of autologous chondrocytes were 
performed back in 1970s by William Green. Using a rabbit model, he tested the potential of 
autologous and homologous chondrocyte transplantation for articular cartilage repair9. His studies 
marked the beginning of a new era in what was to become the field of cartilage tissue engineering.  
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Despite the efforts on developing cell-based therapies, by 1980s, procedures such as 
chondroplasty, microfracture surgery and abrasion arthroplasty and were the most common 
treatments for the repair of cartilage defects. Chondroplasty is a palliative procedure that consists 
on trimming and smoothening roughened arthritic joint surfaces to eliminate mechanical sources 
of pain and dysfunction10. Abrasion arthroplasty consists on the superficial abrasion to remove 
dead osteons and expose viable bone and surface vascularity11. Microfracture implies puncturing 
of the subchondral bone to induce bleeding, which will allow the release of stem cells into the 
defect site12. However, these procedures give poor results as they lead to fibrocartilaginous 
tissue. 
Aiming to overcome the limitations of the before mentioned techniques and following the line 
of Green, a group of orthopaedic researchers at the Hospital for Joint Diseases in New York City 
suggested that a cell-based approach could be used for hyaline cartilage repair. Their interest in 
finding an approach to heal damaged cartilage was motivated by the fact that some of their 
patients were too young to apply a total joint arthroplasty as it results in joint pain and disability. 
Using a rabbit model, their strategy consisted of extracting a biopsy of cartilage and extracting 
the chondrocytes. Then, cells were expanded in vitro and transplanted again using a periosteum 
flap to minimize cell leakage from the defect13,14. This clinical practice is now known as autologous 
chondrocyte implantation (ACI). As the obtained results at the preclinical stage were promising, 
the first human trials using the same protocols were performed15. Later, randomized clinical trials 
were performed and ACI showed superior results than those obtained applying microfracture16.  
It must be noticed that ACI implies the implantation of chondrocytes in suspension, which may 
lead to cell leakage, heterogeneous cellular distribution within the defect17 and loss of 
chondrogenic phenotype due to dedifferentiation during monolayer expansion18. To surmount 
such limitations, biodegradable cell-carrier three-dimensional scaffolds have been developed. 
The first approach was the matrix-induced autologous chondrocyte implantation (MACI) 
technique. The MACI matrix is built up of a porcine type I/type III bilayer membrane seeded with 
chondrocytes19. The membrane can be fixed directly with fibrin glue and it doesn’t require a cover 
avoiding periosteum harvesting and reducing the time of surgery. No significant differences 
between ACI and MACI are observed in short term clinical trials19. MACI was first developed and 
marketed in 1999 by Verigen AG (Leverkusen, Germany) and finally acquired by Vericel 
Corporation (Cambridge, MA) in 2014. It gained EMA’s marketing approval, however the license 
was withdrawn upon the closing of the manufacturing site in Denmark. Figure I-1 shows a 
schematic diagram of the ACI procedure and a diagram comparing ACI and MACI techniques.  
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Figure I-1. Cell-based cartilage regeneration techniques. (A) Diagram showing the different stages involved in the 
process of autologous chondrocyte implantation20. (B) Diagram of both ACI (ACI-P or ACI-C) and MACI (Adapted from 
Ringe et al.21) 
Still today, the most commonly used surgical procedures to treat damaged articular cartilage in 
the knee are the before mentioned chondroplasty and microfracture, despite they present several 
shortcomings22. Aiming to overcome the limitations of currently used techniques, different cell-
based tissue engineering approaches have emerged, and some of them, such as NOVOCART® 
3D and CaReS®, are under clinical trials. These approaches rely on the use of cell-embedded 
scaffolds to mimic the cartilage tissue.  
NOVOCART® 3D (TETEC, Melsungen, Germany) consists of a biphasic type I collagen 
scaffold seeded with autologous chondrocytes. One layer consists in a dense, cell-impermeable 
membrane derived from bovine pericardium. The membrane is lyophilized together with a 
collagen sponge layer, consisting of type I collagen and chondroitin sulphate, allowing the two 
layers to be firmly connected. At this point, a Phase III trial (n=233) is under development. 
CaReS® (Arthro Kinetics Biotechnology, Krems, Austria) consists of a type I collagen hydrogel 
embedded with primary autologous chondrocytes. It has been used in select European Countries 
and is also approved in Iran, Turkey and China. There is a cell-free version of this product 
commercially available as CaReS®-1S.  
Some of these products are described as second- or third- generation ACI, but they constitute 
the first generation of tissue engineered cartilage products. However, there is still the need for 
developing a scaffold that mimics the complete osteochondral junction instead of focusing 
independently on the cartilage-layer or the bone-layer. To obtain a good reproduction of the 
osteochondral unit, it is critical to take a closer look into its complex structure, which is responsible 
of the tissue’s functionality.  
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The articular cartilage hydrated extracellular matrix is the key element of the tissue functionality, 
and its composition is essential to enable the shock absorbance. It is mainly composed of water 
(70-80%) embedded into a meshwork of type II collagen fibers that confer tensile support. 
Proteoglycans, mainly aggrecan, are the other major component of cartilage and are responsible 
for the compressive strength and the shock absorbing capability of the tissue. Aggrecan, is 
composed of a core protein with covalently attached sulphated glycosaminoglycans (GAGs), 
chondroitin sulphate and keratan sulphate. In the cartilage ECM, aggrecan is present in the form 
of aggregates composed of a hyaluronic acid filament with non-covalently attached aggrecan 
molecules23. In the presence of water, aggrecan swells because of the hydration of GAG chains. 
This swelling is constrained by the collagen network, and under compression, water molecules 
are displaced and aggrecan molecules get closer. After unloading, water molecules are drawn 
back into the tissue24.  
Furthermore, the matrix of articular cartilage presents a highly hierarchical structure as it is 
arranged in four distinct zones, the superficial or tangential zone, the middle transitional zone, the 
deep radial zone and the calcified zone25,26. As it is illustrated in Figure I-2, each zone is 
characterized by a specific ECM composition and organization, which leads to different 
mechanical properties27. The superficial zone is the thinnest and can be divided into two layers, 
an acellular sheet of collagen fibers that covers the joint, and a layer with flattened chondrocytes 
with their axes parallel to the articular surface. It presents a high collagen concentration and low 
glycosaminoglycans levels, and its organization gives the superficial zone high tensile strength28. 
In the middle zone, collagen fibers are larger and randomly oriented, chondrocytes present 
spherical shape and are surrounded by a high concentration of proteoglycans. In the deep zone, 
spherical chondrocytes are organized in columns as well as collagen fibers, which are oriented 
perpendicularly to the bone surface. Here, the proteoglycan concentration reaches its maximum 
while water content reaches its minimum value. Finally, the calcified zone secures the articular 
cartilage to the underlying subchondral bone with collagen fibers that pass from the deep zone of 
cartilage to the subchondral bone29. It acts as a transition from soft hyaline cartilage to bone. This 
zone, has to withstand significant shear stress due to the transition from the soft cartilage to the 
much stiffer bone30. 
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Figure I-2. Illustration of the osteochondral unit29. The scheme shows the different zones in which mature cartilage is 
structured. It reflects phenotypic differences and changes in ECM composition and distribution. Both collagen and 
glycosaminoglycans content, as well as its orientation and distribution are highly influenced by its location. 
As cartilage tissue is anisotropic and presents a heterogeneous structure the use of 
homogeneous scaffolds for tissue repair leads to non-optimal results. Hence, one of the great 
challenges of scaffold design for osteochondral repair is to reproduce the gradient structure of 
the osteochondral unit from the subchondral bone to articular cartilage31. Mimicking the 
mechanical properties of the calcified layer is critical, as it must withstand the high shear stress 
generated between the stiff bone tissue and the soft cartilage. Thus, interface tissue engineering 
emerges, from the need of integrating tissue-to-tissue interfaces, as the junction between 
cartilage and bone. One strategy consists in developing heterogeneous scaffolds, which exhibit 
phase-specific structural and material properties, with a gradual change in mechanical properties 
across the scaffold phases, similar to that of the native tissue32.  
The first generation of heterogeneous scaffolds consisted of stratified designs, obtained by 
fusing together a bone-like and a cartilage-like scaffold32. Schaefer et al.33 reported a biphasic 
scaffold consisting of a cartilage-like polyglycolic acid (PGA) mesh with chondrocytes and a bone-
like poly(lactic-co-glycolic acid) (PLGA)/polyethylene glycol foam seeded with periosteal cells. 
Gao et al. also proposed a seeded mesenchymal stem cells (MSCs) on a hyaluronan sponge with 
transforming growth factor 1 (TGF-1) to induce chondrogenesis joined with an osteogenic 
porous calcium phosphate scaffold seeded with MSCs using fibrin glue. Chen et al. developed a 
biphasic scaffold to mimic the osteochondral junction. The cartilage-like layer was made of a 
collagen sponge, with relatively low mechanical strength, while the bone-like layer was a 
composite sponge of PLGA with higher mechanical strength34.These pioneer studies 
demonstrated the possibility of creating multiphasic scaffolds and engineering different tissues in 
the same construct. However, these first models do not mimic the interface between the two 
tissues. Next steps focused on reproducing the osteochondral interface and incorporating it in the 
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stratified scaffold design. In example, Jiang et al. proposed a continuous multi-phasic 
osteochondral scaffold consisting of a hydrogel as cartilage-like layer, a polymer-ceramic 
composite as bone-like layer and an interfacial region between composed of a hybrid between 
the hydrogel and the polymer-ceramic composite35. Kon et al. have conducted a pilot clinical trial 
to test the use of a multilayer scaffold obtained by freeze drying and composed of type I collagen 
for the cartilage-like layer, a mixture of collagen type I (60%) and hydroxyapatite (40%) as 
tidemark layer and collagen type I (30%) and hydroxyapatite (70%) for osteochondral repair36,37. 
However, such stratified designs are susceptible of delamination and present abrupt changes 
in physical and chemical properties38 which give poor results as the resulting scaffolds may lead 
to poor tissue quality and mechanical failure. Gradient approaches may help to overcome the 
drawbacks of stratified scaffolds, as they present a higher resemblance with biological interfaces 
with gradual property changes39. The need of integrating different tissues with different properties, 
such as bone and cartilage, to successfully achieve the regeneration of complex orthopedic 
interfaces, has been the motivation for the development of a new generation of scaffolds in 
orthopedic tissue engineering.  
Hydrogels have attracted a great deal of attention thanks to their intrinsic capacity of mimicking 
the extracellular matrix and their highly tunable physico-chemical and mechanical properties40, 
which make them great candidates for gradient creation. Biomimetic gradient hydrogels present 
continuous changes in their properties which leads to a high degree of resemblance with tissue 
interfaces that present zonal organization, such as the osteochondral unit41.  
Regarding their nature, hydrogels can be classified into natural, synthetic, or natural/synthetic 
biomaterials. Synthetic hydrogels provide a well-defined environment and a high tunability. 
Moreover, they can be produced under controlled conditions, and present predictable and 
reproducible mechanical and physical properties42. The most used synthetic polymers are poly(L-
lactic acid) (PLLA), poly(glycolic acid) (PGA), poly(-caprolactone) (PCL), poly(ethylene glycol) 
(PEG), poly(urethane) (PU) and poly(vinyl alcohol)43. Hydrogels made of natural polymers present 
a high biocompatibility, are inherently biodegradable and bioactive moieties, such as Arg-Gly-Asp 
(RGD), can be found in their structures. Natural polymers such as alginate44, hyaluronic acid45,46, 
fibrin47 and collagen48 have been widely studied for cartilage tissue engineering. The present work 
is focused on natural polymers, as they are specifically attractive for cartilage tissue engineering, 
as they can induce per se cell adhesion, migration, proliferation and matrix production. 
Specifically, we have chosen type I atelocollagen as the main constituent of the scaffold. There 
are reluctances of using collagen as scaffolding material, motivated by the generation of 
immunologic response after implantation. However, the fact that antigenic determinants on the 
peptide chains of type I collagen reside mainly on telopeptide regions has motivated the use of 
atelocollagen as scaffold material49.  
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Following the approach of biomimetic gradient hydrogels, Zhu et al.41 proposed that a stiffness 
gradient could induce a zone-dependent response of cells embedded in a hydrogel. To 
demonstrate their hypothesis, they worked with a PEG and chondroitin sulphate methacrylate 
hydrogel, and through photopolymerization they achieved different degrees of crosslinking, which 
lead to a stiffness gradient creation from the much stiffer cartilage deep zone to the softer 
superficial zone. They observed differences in cell morphology and extracellular matrix 
components, mainly collagen type II and glycosaminoglycans, production through the hydrogel 
structure.  
Despite the several attempts to reproduce the osteochondral junction, the recreation of a stable 
interface between articular cartilage and subchondral bone still remains a challenge50. In this 
work, focusing on the principles of gradient hydrogels but aiming to go one step further, we 
introduce in the scaffold design a bioceramic platform which enables subchondral bone mimicry. 
The latter, together with a collagen-based hydrogel will allow the tissue interface creation when 
in contact with physiological fluids.  
Thus, the main objective of this thesis is the development of a biomimetic scaffold for 
osteochondral repair based on a cartilage-like self-assembled collagen-based hydrogel, 
containing hyaluronic acid and chondroitin sulphate, attached to a bone-like bioceramic platform. 
The bioceramic platform will not only act as a mechanical support by promoting the integration of 
the implant with the subchondral bone but will also provide means for a stiffness gradient creation 
acting as a reservoir of calcium and phosphate ions, which in contact with physiological fluids will 
be able to diffuse through the hydrogel structure and nucleate on collagen fibers. 
To achieve the main goal of this work, this thesis has been structured in the following work 
plan:  
- Evaluation of different commercial bone substitute bioceramics as potential candidates 
to obtain a bone-like platform which mimics the subchondral bone and validation of the 
polymeric coating as linking interface (Chapter II).  
- Development and characterization of a self-assembling cartilage-like hydrogel 
formulation. Evaluation of its interaction with the bone-like platform (Chapter III).  
- In vitro testing of cell-homing capacity, chondrogenic and osteogenic potential of the 
developed formulation (Chapter IV).  
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1.2 Content of this Dissertation  
The use of heterogeneous scaffolds for osteochondral tissue engineering has been considered, 
as it is critical to mimic the calcified zone that constitutes the interface between bone and hyaline 
cartilage to ensure the joint regeneration. In this work, we propose the use of a self-assembled 
cartilage-like collagen-based hydrogel attached to a bone-like bioceramic to reproduce the joint 
structure from the subchondral bone to the articular cartilage. 
First, in Chapter II, different commercially available bone substitutes are evaluated, as potential 
candidates to be used as bone-like platform. Their bioactivity is studied in terms of ionic exchange 
using a biomimetic method. Next, the polymeric coating that we intend to use as linking interface 
between the different parts of the construct is presented. Its effect over mineralization is assessed 
as well as its ability to react with collagen molecules, which will form a monolayer that will serve 
as anchoring point for the subsequent cartilage-like collagen-based hydrogel self-assembly. 
The development of the collagen-based hydrogel formulation and its self-assembling process 
constitutes the central axis of Chapter III. To achieve the maximum degree of similarity with the 
cartilage ECM, hyaluronic acid and chondroitin sulfate are incorporated in the formulation. Hence, 
it is critical that the addition of glycosaminoglycans does not block the collagen self-assembling 
process, allowing hydrogel formation. Moreover, the in vitro viability of the polymeric coating as 
linking interface will be studied.   
Once the hydrogel formulation has been obtained and characterized, its potential to induce both 
osteogenic and chondrogenic differentiation is discussed in Chapter IV. To do so, the expression 
of both chondrogenic and osteogenic markers is evaluated at protein and mRNA levels. 
Moreover, the mineralization of the hydrogel formulation has been evaluated, as well as the 
evolution of the mechanical properties of the construct at different times of culture. 
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Designing the interface between bone and cartilage 
In this chapter, the bioactivity evaluation of different commercially available 
bone substitutes is presented. The analyzed samples are potential candidates 
to be used as bone-like platform in our design proposal for an osteochondral 
scaffold. It is shown how the bioactivity of a bioceramic can be tailored by 
changing its -TCP/HA ratio, as both chemical composition and degree of 
crystallinity are critical to define the interaction of a bioceramic with the 
surrounding media. Moreover, the viability of a PFM coating to be used as part 
of the linking interface between the bone-like platform and the cartilage-like 
collagen-based hydrogel, together with a collagen monolayer is studied.  
2.1 Introduction 
As previously described in Chapter I, mimicking the gradient structure of the osteochondral 
junction still constitutes a great challenge. Thus, it is critical to reproduce the calcified layer 
between subchondral bone and articular cartilage. This calcified layer is the responsible of 
withstanding the high shear stress generated between the stiff bone tissue and the soft cartilage.  
As mentioned previously, in the present work we propose the creation of a calcified layer thanks 
to the intimate contact between a bone-like bioceramic and a cartilage-like hydrogel. The 
bioceramic will act as mechanical support, promoting the integration of the scaffold with the 
subchondral bone, and it will also provide means for a stiffness gradient and a mineralized layer 
creation. Moreover, it will act as a reservoir of calcium and phosphate ions, which in contact with 
the physiologic fluid will be able to diffuse through the hydrogel structure and precipitate in form 
of calcium phosphates. Among all synthetic biomaterials for bone regeneration, calcium-
phosphate bioceramics are those which chemically resemble more to mammalian bone and 
teeth1, which makes them good candidates to be used as bone-like platform.  
From the foregoing, the need to bring together bone and cartilage tissue engineering 
approaches arises. In the present chapter, we will focus on the bone-like platform design which 
has to meet the requirements of bone graft materials. Moreover, we will introduce the proposed 
linking interface between the two layers of our osteochondral graft. Using the PECVD technique 
we will obtain a polymeric coating with great affinity towards amines, which, together with a 
collagen monolayer will serve as anchoring point for the subsequent hydrogel self-assembly. 
Bone grafting is the most commonly used approach in clinics to enhance bone healing process. 
A bone graft can be defined as any implanted material that alone or in combination with other 
materials promotes a bone healing response thanks to its osteogenic, osteoinductive or 
osteoconductive properties2. An osteogenic material stimulates osteoblast activity, enhancing 
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bone formation3. Osteoinduction can be defined as the process by which primitive, 
undifferentiated and pluripotent cells are stimulated to commit to the bone-forming cell lineage4, 
or, as proposed by Wilson-Hench the process by which osteogenesis is induced5. Finally, a 
material with osteoconductive properties allows bone growth on its surface or down into pores, 
channels or pipes4. Moreover, to ensure the good performance and integration of the graft it must 
lead to osseointegration, which implies the direct anchorage of an implant by the formation of 
bony tissue around the implant without the growth of fibrous tissue at the bone-implant interface4. 
Synthetic bone-grafts, such as calcium phosphate bioceramics, lack of osteogenic and 
osteoinductive properties themselves, hence they are normally used mixed with autologous bone 
grafts, growth factors or cells6. However, they are osteoconductive, as they provide a scaffold for 
new bone formation while provide support for osteoblast adhesion and proliferation7. When 
designing calcium phosphate-based bioceramics for bone regeneration, another property that 
must be considered is bioactivity, which can be defined as the ability of the material to induce 
apatite formation upon its surface after coming in contact with bone in the body8. Hydroxyapatite, 
constitutes the most important example of a bioactive calcium phosphate ceramic, as it has the 
ability to stimulate bone tissue formation and thus directly bond with bone and form a uniquely 
strong biomaterial-bone interface9, namely osseointegration10. It integrates into living tissues by 
the same process active in remodeling of healthy bone11. On the contrary, bioinert materials do 
not stimulate bone formation, but instead stimulate formation of fibrous tissue and therefore do 
not directly bond to bone, forming a weak bone-biomaterial interface.  
Thus, thanks to its ability to mimic bone tissue, its osteoconductivity, bioactivity and 
biocompatibility a calcium phosphate-based bioceramic platform is considered as material for the 
design of the bone-like platform for our heterogeneous scaffold. In order to control stiffness 
gradient creation through calcium and phosphate ions diffusion through the hydrogel structure 
and precipitation in form of calcium phosphates, it will be of great importance to control the 
bioactivity of the bone-like platform.  
As for cartilage mimics, we have chosen collagen, which, as it will be described with further 
detail in the following chapters, thanks to its properties, is one of the natural polymers most 
commonly used for tissue engineering applications. It has an intrinsic capacity to self-assemble 
into higher order structures, which in the appropriate conditions lead to hydrogel formation.  
As mentioned previously, to obtain an intimate contact between the bone-like bioceramic 
platform and the cartilage-like collagen-based hydrogel, we have developed a methodology that 
allows the immobilization of collagen-based hydrogels onto PECVD-modified substrates. The 
procedure is based on the ability of collagen to self-assemble into higher order structures like 
hydrogels, and its critical point is the obtention of a collagen monolayer onto a PFM-coated 
substrate. In previous work12, it has been reported how the immobilization of peptides onto a 
substrate by PECVD directs the self-assembling of additional soluble peptides, which assemble 
forming a thin hydrogel layer. Thus, following the same idea, we will immobilize a collagen 
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monolayer onto the bioceramic platform by means of a PFM coating obtained by PECVD. The 
immobilized collagen molecules will serve as anchoring point for the self-assembly of a collagen-
based hydrogel, which will consequently remain attached to the substrate.  
Plasma polymerization, also called PECVD (Plasma Enhanced Chemical Vapor Deposition) is 
referred to a deposition of polymeric thin films on the surface of the substrate, without changing 
the bulk properties of the material13. PECVD has been described as an excellent technique to 
obtain biocompatible polymeric thin films14,15. Pentafluorophenyl methacrylate (PFM) is a 
monomer that offers a highly reactive ester group, which reacts efficiently with amino groups, and 
a vinyl structure that can be easily polymerized by PECVD techniques16. Its highly reactive ester 
group can be used to attach biomolecules through nucleophilic substitution16. PFM has been used 
as surface-modifying agent in the field of gene therapy17, developing antibacterial surfaces18 and 
to obtain thin film platforms for cell studies19,12. Thus, based on previous research12 and taking 
advantage of its high reactivity towards amines, we will use a PFM coating in combination with a 
collagen monolayer to build our heterogeneous scaffold. We hypothesize that a collagen 
monolayer can act as an anchoring point for the subsequent collagen fibrillation and hydrogel 
formation. For all these reasons, we believe that this methodology has great potential to allow the 
immobilization of a collagen-based hydrogel onto a calcium-phosphate bioceramic bone-like 
platform.  
In order to achieve a high degree of mimicry of the bone-cartilage interface, it is critical to 
ensure a stable linkage between the two parts of the proposed osteochondral scaffold. Thus, to 
study the nature and stability of the interaction between collagen molecules and the bone-like 
bioceramic platform we have chosen quartz crystal microbalance with dissipation (QCM-D).  
Our group has experience on using QCM-D technique in surface engineering applications. We 
have used QCM-D technology for different applications such as evaluation of potential 
mucoadhesive drug delivery systems20,21, characterization of thermosensitive thin films22 and to 
study the interaction of bovine serum albumin (BSA) with plasma polymerized PFM films and to 
get a better understanding of the viscoelastic properties of the resulting protein layer23. Thus, we 
propose the use of QCM-D technique to evaluate the interaction between collagen and a 
bioceramic platform, with and without the presence of a PFM coating.  
 
Chapter II – Designing the interface between bone and cartilage 
 44 
2.2 Materials and Methods 
2.2.1 Physical characterization of commercial bone substitutes 
 
Five commercial calcium phosphate based-bone substitutes and commercial hydroxyapatite 
powder have been analyzed. Table II-1 summarizes their properties, the main difference being 
the composition, shape and particle size.  
Table II-1. Main specifications of the studied bone substitutes 
Sample Shape Particle size Composition 
Cerasorb® Spherical 
1000 – 2000 m 
-TCP 150 – 500 m 
50 – 150 m 
 




HA/-TCP (60:40) in a silica 
xerogel matrix 
 


















Powder 2-6 m HA 
 
2.2.1.1 X-ray diffraction (XRD) 
Prior to XRD analysis the five samples were grinded into powder. The phase analysis of the 
HA powders was carried out employing an X-Ray diffractometer (Bruker D-5005) using a Cu Ka 
radiation generated at 40kV and 100 mA.  
2.2.1.2 Scanning electron microscopy (SEM) 
Morphological information of the analyzed samples is provided by the suppliers, however, in 
order to corroborate the information a SEM (JEOL JSM-5310) of two samples with different 
composition was performed. Prior to observation, samples were placed in a vacuum drier to 
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remove moisture and covered by a thin gold layer using a sputter coater (SC 7620, Quorum 
Technologies) to guarantee the conductivity.  
2.2.2 Soaking the bioceramic bone substitutes in physiologic media 
The interaction of hydroxyapatite – based bone substitutes with physiologic media was 
determined by soaking the samples in the interest solutions. The analyzed samples were in form 
of granules or powder. Using a hydraulic press (10 tons), they were compacted into discs of about 
13 mm of diameter and 1,5 mm of height.  
Bone substitute discs were immersed at 37ºC into simulated body fluid, which was prepared 
by dissolving the following compounds into 500 ml of Milli-Q water and adjusting the pH with 3.029 
g of tris-hydroxymethylaminomethane and HCl to 7.4: 3.273 g of NaCl, 1.134 g of NaHCO3, 0.186 
g KCl, 0.0339 g of Na2HPO4ꞏ12 H2O, 0.152 g of MgCl2ꞏ6H2O, 0.184 g of CaCl2ꞏ2H2O and 0.036 
g of Na2SO4.  
Calcium concentration and pH changes at different time points were determined to assess the 
ionic exchange ability of the samples.  
2.2.2.1 Atomic absorption spectroscopy (AAS) 
Calcium concentration was determined using a 2280 Atomic Absorption Spectrophotometer 
(Perkin – Elmer). Calibration of the instrument was performed using 0.5, 1, 2.5 and 5 ppm calcium 
carbonate standard solutions. To avoid interferences, both the standards and the samples were 
mixed with lanthanum oxide (La2O3). The La2O3 stock solution was prepared by mixing 5.865g of 
the oxide, 50 ml of Milli-Q water and 25 ml of HCl(c) and posterior dilution up to 100 ml in a 
volumetric flask. The samples and standards were mixed with La2O3 maintaining a ratio of 1:2 
respectively. 
2.2.3 Surface modification by PECVD 
2.2.3.1 Plasma reactor 
All the surface modifications were carried out using a stainless steel bell jar plasma reactor18. 
Briefly, this reactor consists of a stainless-steel chamber (diameter, 25.5 cm; length, 41.6 cm) 
vertical plate reactor, Figure II-1. The ground electrode is the reactor chamber, and the radio 
frequency (RF) electrode is an aluminum plate, which is used to hold the samples for 
polymerization. Additionally, the RF electrode is connected to a RF pulse generator (13.56 MHz) 
via a matching box. Gases and monomers are supplied via a standard manifold where gas fluxes 
can be adjusted with a tree of needle valves. The system pressure is monitored using a vacuum 
gauge controller (MKS PDR900, Andover, MA, USA) which is connected to a cold 
cathode/micropirani vacuum transducer (MKS 972 DualMag) positioned at the center of the 
reactor. The system is equipped with a nitrogen cold trap and a chemical trap filled with active 
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carbon to prevent non-reacted monomer from reaching the pump (Trivac D 16BCS/PFPE 
Leybold, Cologne, Germany).  
 
Figure II-1. Schematic diagram of stainless steel vertical plasma reactor and its electrical components18 (1) monomer 
feed, (2) gases feed, (3) cylindrical chamber, (4) holder sample, (5) pirani gauge, (6) matching box and electrical 
system, (7) cold trap and (8) chemical trap.  
2.2.3.2 PECVD modification on hydroxyapatite discs 
 
Hydroxyapatite surface was modified with a coating of pentafluorophenyl methacrylate (PFM) 
(Apollo Scientific Ltd., Stockport, U.K.) as described below.  
Briefly, hydroxyapatite discs were placed on the aluminum plate placed in the middle of the 
reactor chamber. The monomer, PFM, is introduced inside the reactor at nearly constant pressure 
around 0,02-0,04 mbar. Once pressure is stable the continuous radio frequency power is fixed at 
15W and a pulsed plasma polymerization duty cycle (DC) of 10/20 [DC=ton / (ton+toff)]24 is carried 
out during 5 minutes. Next, plasma discharge is turned off and PFM vapor flow is kept running for 
an additional 3 minutes, to ensure that all active points have reacted. Once the polymerization 
process is finished samples are removed from the reactor chamber and stored until further use 
protected from light and under argon atmosphere.  
2.2.4 Quartz crystal microbalance (QCM-D) studies 
QCM-D technology (Q-Sense E1) was used to characterize the collagen type I (Gibco®, Life 
Technologies) adsorption onto different surfaces. Stainless steel and hydroxyapatite sensors 
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were used, both from Q-Sense. The sensors have optically polished gold electrodes, with a 
surface roughness less than 3 nm (RMS), a diameter of 14 mm and a thickness of 0.3 mm.  
The basis of the QCM technique relies on quartz’s inherent property of piezoelectricity25. Its 
working principle is explained with further detail elsewhere26. A frequency change of the oscillating 
crystal can be related with the mass adsorbed on its surface according to the Sauerbrey relation 
(Equation II-1), where the adsorbed mass (m) is proportional to the frequency shift (f). The 
constant C represents the mass sensitivity (17.7 ng/cmꞏHz for a 5 MHz sensor) and n (1, 3, 5…) 






Thus, according to the Sauerbrey relation a decrease in frequency implies an increase of 
adsorbed mass over the sensor.  
The dissipation parameter can be defined as the ratio between the energy dissipated and the 






The Sauerbrey equation arises from treating the deposited mass as an extension of the quartz 
crystal sensor. Thus, it can only be applied to uniform, rigid and fully coupled layers. There are 
many situations in which the Sauerbrey model does not hold, such as not rigid layers, slippery or 
heterogeneous layers27. In these situations, viscoelastic models which take into account the 
viscoelastic properties of the adsorbed layer such as Voigt or Maxwell should be applied28.  
2.2.4.1 Collagen adsorption onto different substrates 
A 10 g/ml collagen type I (Collagen I Bovine Protein, Gibco®) solution in phosphate-buffered 
saline (PBS; Phosphate Buffered Saline Tablets; Amresco®) was used for QCM-D assays. 
Collagen adsorption was evaluated using stainless steel (QSX 304, Q-Sense, Biolin Scientific) 
and hydroxyapatite (QSX 327, Q-Sense, Biolin Scientific) sensors. A pp-PFM-coated stainless-
steel sensor was used to evaluate the effect of the polymeric coating over collagen adsorption. 
The coating procedure of the QCM-D sensors is the same as the one described for hydroxyapatite 
disks (detailed previously in point 2.2.3).  
Once the sensor was placed in the QCM-D chamber (standard flow module), a baseline with 
PBS was obtained by flowing the solution until both frequency and dissipation signals stabilization. 
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Then, the protein solution was recirculated through the chamber allowing the frequency signal to 
reach a plateau, indicating that saturation has been achieved. Finally, a PBS wash was 
performed, to eliminate the excess of unbound protein.  
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2.3 Results and discussion 
2.3.1 Previous characterization of bioceramic commercial bone substitutes 
XDR of all the studied samples were performed in order to analyze both differences in 
composition and crystallinity can be appreciated. Cerasorb® samples (Figure II-2A-C) show the 
highest degree of crystallinity while BioOss® (Figure II-4B) and Hydro (Figure II-4C) are the less 
crystalline ones. The former consists in pure -TCP and the latter are made of bovine and 
synthetic hydroxyapatite respectively. Both Straumann® (Figure II-4A) and Bonitmatrix® (Figure 
II-3A,B) samples consist in a mixture of hydroxyapatite and -TCP in a ratio of 60:40, however, 
there are significant differences in their degree of crystallinity. The latter is attributed to the 
presence of a silica xerogel matrix in Bonitmatrix® sample as mentioned previously in Table II-1. 
As it will be further discussed in the following lines, there is a connection between the degree of 
crystallinity and the ionic exchange ability of the sample. 
As for the Bonitmatrix® samples, there is no difference in composition between them, thus the 
following analysis will be performed only for the Bonitmatrix® sterile sample. For the Cerasorb® 
samples, we will work with the results obtained for the sample with a particle size of 150 – 500 
m. It has to be taken into account that as the samples are compacted into disks, particle size 
has no effect on the ionic exchange ability of the samples.  
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Figure II-2. XRD Spectra of Cerasorb® samples.(A) Cerasorb® 50-150 m (B) Cerasorb 150-500 m (C) Cerasorb 1000-2000 m. 
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Figure II-3. XRD Spectra of Bonitmatrix® samples.(A) Bonitmatrix® Unsterile (B) Bonitmatrix® sterile. 
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Figure II-4. XRD Spectra of (A) Straumann® samples (B) Biooss® samples and (C) Hydroxyapatite sample.
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The morphology of both Cerasorb® (Figure II-5A-C) and Bonitmatrix® (Figure II-5D-F) samples 
was analyzed by SEM. Samples were chosen on the basis of their composition, as it the property 
which arouse more interest. Yet, the pore morphology and size differ notably from one sample to 
another. It can be seen how Bonitmatrix® presents a higher compactness showing smaller pore 
size, moreover the particles that conform the cylinder show a flattened morphology. On the 
contrary, Cerasorb® presents a higher pore size and it is formed by round-shaped particles. As 
they have different composition, one should expect differences in morphology.  
 
Figure II-5. SEM images of the commercial bone substitutes. (A-C) Cerasorb® samples and (D-F) Bonitmatrix® 
samples. 
2.3.2 Soaking the bioceramic bone substitutes with physiologic media 
Back in 1990 Kokubo et al. reported for the first time the use of SBF in order to assess the 
bone-like apatite formation onto a bioactive glass ceramic29. Based on their results, in 1991, they 
proposed that the essential requirement for a material to bond to living bone is the formation of 
bone-like apatite on its surface when implanted in the living body and that this in vivo apatite 
formation can be reproduced in SBF30. Since then, numerous studies have been published which 
use SBF to evaluate bioactivity31,32. 
Among all the SBF that have been formulated, we use the one described by Takadama et al. 
in 200433. Table II-2 shows a comparison between the ionic concentrations of blood plasma and 
SBF.   
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Table II-2. Comparison of ions concentration between blood plasma and SBF 
Ion concentration / mM Na+ K+ Ca2+ Mg2+ HCO3- Cl- HPO42- SO42- 
Blood Plasma 142.0 5.0 2.5 1.5 27.0 147.8 1.0 0.5 
SBF 142.0 5.0 2.5 1.5 4.2 103.0 1.0 0.5 
 
In the following lines, we will discuss the ionic exchange ability of the studied samples based 
on their previous characterization. As its further explained below, features such as chemical 
composition and degree of crystallinity will be critical for understanding the interaction of the 
samples with the surrounding physiologic medium.  
When the samples were soaked into SBF, all solutions underwent changes in pH and calcium 
concentration. As it can be seen both pH and [Ca2+] evolution profiles are very similar for all the 
samples (Figure II-6). It must be noticed how every change of pH occurs simultaneously with a 
change of [Ca2+], thus, we can be certain that the measured pH changes are due to the interaction 
between the immersed calcium phosphate disk and the surrounding medium. In order to make 
comparisons between the studied samples, we will use the pH evolution profile, as it reflects all 
the events that are taking place during the ionic exchange.  
Table II-3 presents the main properties of those calcium orthophosphates most commonly used 
in biomedical applications, among others. It is important to mention that only those compounds 
which present a Ca/P molar ratio higher than 1 are suitable for biomedical applications, since a 
Ca/P ratio less than 1 implies a high solubility and acidity when implanted into the body34. The 
majority of available bioceramics are based on HA, -TCP, -TCP and/or biphasic calcium 
phosphate (BCP) which is an intimate mixture of -TCP+HA or -TCP+HA. Hydroxyapatite, 
compared to -TCP and -TCP, presents a higher stability under physiological conditions and it 
has a lower solubility and a lower resorption rate. Therefore, BCP formulations aim to present the 
optimum balance between a more stable HA phase and a more soluble TCP for a specific 
application. It must be noticed that an increase of TCP/HA ratio increases BCP reactivity, thus its 
in vivo bioresorbability can be controlled through the phase composition35.   
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-log (Ksp) at 
25ºC 





Ca(H2PO4)2ꞏH2O 1,14 - 
0,5 
Monocalcium phosphate anhydrous 
(MCPA) 
Ca(H2PO4)2 1,14 - 
1 
Dicalcium phosphate dihydrate 
(DCPD) 
CaHPO4ꞏ2H2O 6,59 6,63 
1 Dicalcium phosphate (DCP) CaHPO4 6,9 7,02 
1,33 Octacalcium phosphate (OCP) Ca8H2(PO4)6ꞏ5H2O 96,6 95,9 
1,5 -tricalcium phosphate (-TCP) -Ca3(PO4)2 25,5 25,5 
1,5 -tricalcium phosphate (-TCP) -Ca3(PO4)3(OH) 28,9 29,5 
1,67 Hydroxyapatite (HA) Ca5(PO4)3(OH) 58,4 58,6 
2 Tetracalcium phosphate (TTCP) Ca4(PO4)2O 38-44 42,4 
 
The initial dissolution of -TCP and HA causes an increase in both calcium concentration and 
pH. In agreement with previous studies32,37, we hypothesize that due to the dissolution of -TCP 
and HA, there is an initial release of calcium ions to the SBF solution, reflected by an increase of 
pH caused by the absorption of H3O+ from the solution. Following the initial increase, SBF pH 
value seems to stabilize, however, a third phase in which the pH decreases, can be distinguished. 
We hypothesize that the latter is caused by the surface recrystallization of HA or -TCP, which 
leads to an absorption of both OH- and HPO3- ions from the solution to the sample disk. As it is 
shown in Table II-3, -TCP presents a higher solubility than HA at 37ºC, so one may think that 
the initial dissolution would take place faster for Cerasorb® samples, which are composed of pure 
-TCP. However, as said before, the degree of crystallinity has a strong relation with the ionic 
exchange ability of the sample. Higher degrees of crystallinity can be associated with lower 
dissolution kinetics, so the most crystalline samples tend to present lower solubilities than those 
less crystalline. Thus, samples such as Straumann (less crystalline than Cerasorb®) which 
consist in a mixture of HA and -TCP (60:40), show faster initial dissolution rates, achieving the 
higher pH value and calcium concentration within the first 24 hours of immersion. 
For all bone substitutes, the increase of the pH value that takes place within the first 24 hours 
represents more than a 30% of the total pH increase, reflecting that the dissolution of the disk 
surface occurs almost completely during this period.  
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Figure II-6. Bioactivity evaluation.(A) pH evolution of SBF solution during sample’s immersion period (B) Calcium 
concentration at SBF solution evolution during sample’s immersion period. 
2.3.3 pp-PFM coating effect over hydroxyapatite bioactivity 
Next, the effect of a PFM coating on the bioactivity of a commercial hydroxyapatite (Plasma 
Biotal Ltd.) disk is analyzed when soaked into both SBF and Minimum essential medium eagle – 
alpha modification (-MEM, Sigma-aldrich). The latter is a cell culture medium which incorporates 
aminoacids and vitamins and thus it allows the study of bioactivity in a more realistic scenario. 
Hydroxyapatite (HA) was chosen in order to be able to relate the results with those obtained with 
the quartz crystal microbalance with dissipation (QCM-D) with available hydroxyapatite sensors, 
that will be discussed later. 
To do so, the HA disks were immersed in the interest solutions during 28 days at 37ºC. To 
avoid calcite (CaCO3) formation, the medium was changed every two days.  
The interest in coating the hydroxyapatite disk with PFM arises from the need of designing a 
suitable linking interface between the bone-like platform and the softer cartilage-like hydrogel. 
PFM coatings contain a highly reactive ester group, which could be used to bind biomolecules 
(Figure II-7), such as collagen, promoting cell adhesion and proliferation, thus they have been 
considered as active coatings for different biomaterials38.  
 
 
Figure II-7. Biomolecules attachment onto PFM coatings39. 
As it can be seen in Figure II-8, both SBF and -MEM allow for precipitate formation on 
the HA surface. The precipitate distribution lacks of homogeneity in all samples, as crystal growth 
seems to be localized at some points. The latter gives evidence of a mechanism of heterogeneous 
nucleation, which was expected, as the beginning of apatite formation on calcium phosphate 
ceramics from SBF solution is usually considered as a process of heterogeneous nucleation40,41. 




Figure II-8. SEM images of hydroxyapatite discs after 28 days soaked both in -MEM and SBF.  
Moreover, it can be seen how the PFM coating does not block the precipitation events, but 
instead it seems to provide nucleation points which help the precipitate formation. By comparing 
Figure II-8B and Figure II-8F, it can be clearly appreciated that for the PFM-coated disk crystals 
are bigger and their presence is more extended throughout the hydroxyapatite surface. As for the 
influence of the soaking solution, differences are more evident for the PFM coated samples. It 
can be seen how when the sample is soaked into SBF, more crystals are formed over the entire 
surface. This may suggest that the amino acids present in the -MEM, attach covalently to the 
PFM coating through their amino groups and thus, block the nucleation sites which help the 
precipitation of calcium phosphate salts. It seems that amino acids play an important role in 
hydroxyapatite precipitation, and different studies reveal how they can play both inhibitory and 
enhancing effect42,43. However, with this assay we have proved the ability of a PFM coating to 
interact with physiologic medium and to improve salt deposition. 
Up to now, it has been demonstrated how both chemical composition and the degree of 
crystallinity are of great importance for the bioactivity of calcium phosphate based bioceramics. 
Tailoring the bioactivity of a certain bioceramic, for instance by using mixtures of two calcium 
phosphates could be interesting to achieve the desired effect for a certain application. In those 
cases where a higher biodegradability is required, a bioceramic with a higher resorption rate shall 
be used. On the contrary, if we aim to obtain a graft with a longer lifetime its rapid dissolution is 
not desired and thus, a bioceramic with a lower solubility may be used. Moreover, the effect of 
the presence of a PFM coating over hydroxyapatite bioactivity has been evaluated, demonstrating 
how it enhances the interaction with the bioceramic and the physiologic media. Thus, the next 
step is to study the interaction of the PFM coating with collagen, as the polymeric coating will act 
as linking interface between the bone-like platform and a cartilage-like collagen-based hydrogel. 
The PFM coating must allow the immobilization of collagen molecules which will act as anchoring 
point for the subsequent collagen fibrillation and hydrogel self-assembly. Through its high 
reactivity towards amines thanks to its active ester groups, PFM coating is expected to allow the 
covalent immobilization of collagen molecules, avoiding the hydrogel detachment from the bone-
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like platform. Thus, in the following lines, a quartz crystal microbalance with dissipation (QCM-D) 
study of the interaction between collagen and PFM is presented.  
2.3.4 Collagen adsorption onto different substrates 
One of the major applications of the QCM-D technology is the study of protein adsorption onto 
different surfaces in order to evaluate the ability of a determinate material to promote protein 
adsorption25. Thus, we have used this technique to evaluate the collagen adsorption onto different 
substrates, and the influence of different parameters over the adsorption process. As said before, 
with QCM-D technique, changes in frequency (f) and dissipation (D) of an oscillating sensor are 
measured. As mass adsorbs onto the sensor, a frequency shift can be appreciated, besides, the 
dissipation parameter gives information about the viscoelastic properties of the adsorbed layer. 
Softer coatings lead to an increase of the oscillation damping, which is traduced as an increase 
of dissipation. Figure II-9 illustrates the behavioral differences between a rigid and a soft layer.  
 
 
Figure II-9. Differences in behavior between soft and rigid adsorbed layers44. (A) Frequency change due to an increase 
of the adsorbed mass by the addition of a molecular layer. This example shows the addition of an antibody (green) to a 
protein layer (red). (B) Difference in the dissipation signal generated by a rigid (red) and a soft (green) adsorbed layer. 
Simultaneous measurement of multiple overtones is required to model viscoelastic properties 
and extract film thickness. The different overtones give information about the homogeneity of the 
applied layers, as the detection range out from the crystal surface decreases with increasing 
overtone number. Thus, differences in frequency behavior of the different overtones suggests 
vertical variations in film properties45. Qualitative information about the thickness of the adsorbed 
layer can be extracted from the separation between the signals of the different overtones: the 
higher the separation is the thicker is the adsorbed protein layer. To avoid excessive fluctuations 
due to environmental factors all the calculations shown in this work are performed using the 
seventh overtone.  




Figure II-10. Viscous penetration depth as function of overtone (Q-Sense reported data). 
The immobilization of collagen molecules onto both pp-PFM-coated and non-coated stainless 
steel and hydroxyapatite was monitored using the QCM-D technology. To evaluate and compare 
the collagen adsorption under different conditions and onto different surfaces we have established 
a basic protocol which is illustrated in Figure II-11. First, a baseline is acquired by flowing through 
the chamber a PBS solution (A), then, once both the frequency and dissipation remain constant 
the collagen solution is entered to the chamber and a decrease in frequency can be appreciated 
as the protein starts to interact with the sensor surface (B). As it can be seen, the interaction also 
leads to an increase of dissipation, as the adsorbed protein layer is softer than the sensor surface. 
We keep recirculating the protein solution until saturation is reached, which can be associated 
with the frequency and dissipation reaching a plateau. Then, a wash with PBS to eliminate the 
remaining unbound protein molecules is performed until the signal stabilizes again (C). Finally, a 
wash with water is carried out (not shown in Figure II-11). The latter is expected to cause the 
detachment of those molecules not covalently bound to the substrate, reflected by an increase in 
frequency and a decrease in dissipation signal, as electrostatic interactions are subject to the 
medium ionic strength.  
 
 
Figure II-11. Frequency and dissipation profiles observed for the standard protocol used in this study46. 
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A non-treated stainless-steel sensor (Figure II-12A) has been taken as reference to evaluate 
the collagen adsorption that takes place onto modified substrates. Adsorption takes place once 
the protein solution is flown through the QCM-D chamber, as a decrease in sensor’s oscillation 
frequency can be appreciated. The subsequent PBS wash leads to the detachment of a little 
amount of protein, corresponding to those molecules that are not interacting with the substrate. 
However, the final water wash causes an increase of frequency which almost reaches the 
baseline value. The flow of water through the QCM-D chamber causes a change in ionic strength 
and the detachment of a great amount of protein molecules, as their interaction with stainless 
steel is purely electrostatic45. 
Next, to gain insight into the interaction that would take place in the interface between the bone-
like bioceramic platform and the softer cartilage-like hydrogel, the collagen adsorption onto 
hydroxyapatite sensor (Figure II-12B) is studied. The adsorption profile follows the same pattern 
that for the stainless-steel sensor. However, what points out is that the amount of protein 
molecules adsorbed onto hydroxyapatite is slightly higher than the obtained for the stainless-steel 
substrate. It can be hypothesized that a higher mass adsorbs onto hydroxyapatite thanks to its 
higher porosity, which favors the entrapment of collagen molecules. Furthermore, the mineral 
surface of the sensor could lead to ionic interactions with the collagen molecules, which will also 
enhance the whole adsorption process. Hence, a hydroxyapatite substrate, compared to stainless 
steel, would promote collagen adsorption under the studied conditions. The PBS wash does not 
alter the amount of adsorbed molecules, reflecting the existence of specific electrostatic 
interactions between the protein molecules themselves and with the substrate. However, as it 
happened with the stainless-steel sensor, the final water wash results in a significant increase of 
the frequency signal due to the detachment of a fraction of protein molecules. Thus, it must be 
considered that the interface between the bone-like platform and the collagen hydrogel could be 
disrupted in response to ionic strength fluctuations in the surrounding medium. Then, there is the 
risk of hydrogel leakage from calcium phosphate platform once placed into the body. As such, a 
superficial modification which provides means for covalent bonding between the two parts is 
suggested. 
As mentioned before, thanks to its ability to bind biomolecules through its highly reactive esters 
and promote cell adhesion and proliferation, PFM coatings have been considered as active 
coatings for different biomaterials38. Thus, in this thesis we intend to take advantage of the high 
reactivity of PFM to attach a collagen-based hydrogel via covalent bonding onto both the bone-
like platform and the collagen membrane cover.  
We have used the QCM-D technique to evaluate collagen adsorption onto a PFM-coated 
stainless-steel sensor (Figure II-12C). As PFM contains active sites, a high mass adsorption per 
surface unit is expected. Besides, protein adsorption should be more homogeneous, as the active 
points of the polymeric coating throughout the sensor surface will act as nucleation points. 
Moreover, as collagen will be covalently bound to the sensor surface, the ionic strength change 
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caused by the final water wash shouldn’t cause protein detachment. As it can be seen, the amount 
of adsorbed mass is significantly higher than the observed for both the HA sensor and the non-
treated stainless sensor according to the Sauerbrey relation. The PFM coating causes a 
frequency shift around 400 Hz which represents more than twice the value obtained for the 
hydroxyapatite sensor. As occurred with the non-treated stainless-steel sensor and the 
hydroxyapatite sensor, the PBS wash does not alter the amount of adsorbed molecules for the 
PFM coated sensor, as specific electrostatic interactions between the protein molecules 
themselves and the substrate take place. Moreover, the hypothesis of a covalent interaction 
between the PFM coating and the collagen molecules is confirmed, as the final water wash 
produces a lower frequency shift compared with both the non-treated stainless-steel sensor and 
the HA sensor. Thus, one can be certain that collagen molecules specifically interact with the 
PFM coating. The small fraction of detached protein molecules is likely to be electrostatically 
interacting and removed by the change of ionic strength. If that is so, a plasma polymerized PFM 
coating would be an appropriate method to anchor the collagen to a desired substrate.  
 
Figure II-12. QCM-D data of collagen adsorption.onto (A) stainless steel (B) hydroxyapatite and (C) PFM-coated 
stainless-steel sensor. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown.  
The obtained frequency data was analyzed using the Sauerbrey model and areal mass values 
(g/cm2) were obtained (Figure II-13). Sauerbrey only stands for fairly rigid films as it 
underestimates the amount of adsorbed mass when the adsorbed films are viscoelastic. 
However, as the viscoelasticity of all films is similar, Sauerbrey is used only for qualitative and 
comparative purposes.  
It can be seen how the PFM-coating allows the immobilization of a greater amount of collagen 
molecules than both stainless-steel and hydroxyapatite sensors. No statistically significant 
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differences between mass adsorption onto non-coated stainless-steel and hydroxyapatite 
sensors can be appreciated. 
 
Figure II-13. Mass adsorption of collagen onto different substrates obtained using Sauerbrey model. (Statistical 
differences are indicated as * for p<0.05, ** for p<0.01, and *** for p<0.001, Two-way ANOVA, n=3). 
A method to evaluate the viscoelastic properties of an adsorbed protein layer consists in plotting 
the variation of the dissipation versus the frequency shift. Thus, time is eliminated as an explicit 
parameter, and a direct comparison between the energy dissipation (D) per unit mass attached 
to the surface (f) can be done. Then, the influence of protein adsorption on the viscoelastic 
damping of the crystals resonance can be appreciated, allowing to infer viscoelastic properties of 
the adsorbed layer47. 
As it is shown in Figure II-14, there is a linear relation between dissipation and frequency shifts 
during the experiment, before the final water wash. As the adsorption process takes place, 
changes in slope may suggest alterations within the individual proteins or within the protein 
layer48. Thus, the fact that no change in slope can be appreciated reveals that no changes either 
in the adsorbed collagen molecules or in the adsorbed protein layer are taking place once the 
second fresh new collagen solution is entered to the QCM-D chamber. Therefore, we won’t 
consider the formation of a collagen bilayer as we hypothesize that the adsorption of the second 
protein layer would take place altering somehow the viscoelastic properties of the first layer of 
adsorbed protein molecules.  
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Figure II-14. Viscoelastic properties of the adsorbed collagen layer for the stainless-steel, hydroxyapatite and PFM-
coated stainless-steel sensor.  
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2.4 Concluding remarks 
The results presented in this chapter give insights into the design of a bone-like platform, which 
will be anchored to the subchondral plate, allowing the creation of a mineralized transition zone 
between bone and the upper cartilage-like collagen-based hydrogel. Then, a PECVD PFM 
coating is presented as candidate to be used as linking interface between the bone-like platform 
and the cartilage-like hydrogel. Thanks to its highly reactive ester groups it allows the covalent 
immobilization of a great amount of collagen molecules, which act as anchoring points for the 
subsequent collagen hydrogel self-assembly. Moreover, the polymeric coating guarantees the 
stability of the heterogeneous scaffold holding together its two main differentiated parts.  
Thus, the comparative study of the ionic exchange ability of different commercially available 
bioceramic bone substitutes has been performed using a biomimetic method and it has been 
demonstrated how both composition and degree of crystallinity have great influence over 
bioactivity. Moreover, both the presence of a PFM coating over hydroxyapatite bioactivity and its 
ability to covalently bind collagen molecules to form a protein monolayer have been evaluated.  
As for the bioceramic bone substitutes the obtained results show how both the chemical 
composition and the degree of crystallinity have a great influence over the interaction ability of 
the samples with the surrounding medium. Despite the higher solubility of the -TCP with respect 
to HA, the samples composed by a mixture of -TCP and HA presented a higher ease of 
interaction than those composed of pure -TCP. As the latter presents a higher degree of 
crystallinity, the initial surface dissolution needed to trigger the ionic exchange events occurs with 
greater difficulty. Thus, the obtained results reveal that bioceramics bioactivity can be tailored by 
modifying its -TCP/HA ratio. Besides, hydroxyapatite has been successfully coated with PFM by 
PECVD. It has been demonstrated how, the presence of the polymeric coating not only does not 
block the precipitation of calcium phosphates, but also seems to provide nucleation points that 
promote precipitate formation.  
The adsorption of collagen onto stainless-steel, hydroxyapatite and PFM-coated stainless-steel 
has been evaluated using QCM-D technique. It has been shown how PFM allows the 
immobilization of a higher amount of collagen molecules than both stainless-steel and 
hydroxyapatite. Moreover, it has been demonstrated that thanks to the presence of its highly 
reactive ester groups and their high reactivity towards amines, collagen molecules remain 
covalently bound to the PFM polymeric coating, and its interaction is not affected by ionic 
exchange changes.  
In the next chapter, we will study the ability of collagen to self-assemble into a three-
dimensional hydrogel structure starting from a collagen monolayer immobilized onto a PFM-
coated substrate. Moreover, we will study the interaction of collagen with the glycosaminoglycans 
hyaluronic acid and chondroitin sulfate, as we intend to introduce them to the cartilage-like 
hydrogel formulation. Next, we present the proof of concept of how the developed linking 
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technology allows the immobilization of collagen-based hydrogels onto any substrate which can 
be subject to PECVD and that it has no toxic effect over cells in vitro. Finally, an in vitro analysis 
of the hydrogel formulation and the encapsulation method will be presented. 
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Guiding collagen self-assembly onto PECVD modified 
substrates 
In the present chapter, we present an assessment of collagen fibrillation 
process using the quartz crystal microbalance with dissipation (QCM-D) 
technique. We validate our hypothesis that a previously immobilized collagen 
monolayer can act as anchoring point for subsequent collagen self-assembly 
which, in the proper condition, leads to the formation of higher order structures 
such hydrogels. Moreover, we present a study of the interaction between 
collagen and the glycosaminoglycans hyaluronic acid and chondroitin sulfate, 
two of the main components of the cartilage extracellular matrix. We intend to 
add both glycosaminoglycans to our hydrogel formulation enhancing its 
chondrogenic potential. Finally, we present the in vitro viability test of our 
hydrogel-immobilizing methodology.  
3.1 Introduction 
In the previous chapter, in order to gain insight into the bone-like platform design, we evaluated 
the bioactivity of different bioceramics, which are available on the market as bone substitutes. 
Moreover, we introduced the proposed linking interface between the bone-like platform and the 
cartilage-like collagen-based hydrogel. It has been shown how the pp-PFM polymeric coating 
does not block the ionic exchange between the bioceramic and the surrounding medium, and that 
it allows the immobilization of great amount of collagen molecules. Thanks to the covalent nature 
of the interaction between collagen and PFM we are able to obtain a stable coating, which will 
not be disrupted by physiologic changes. Thus, after having validated our linking interface at the 
molecular level, in this chapter we focus on the analysis of the process by which collagen self-
assembly takes place. Fibrillation will be studied and monitored in vitro in a cell-free environment, 
using a previously immobilized collagen monolayer as anchoring point.  
It is well known that collagen, self-assembled into hierarchical tissue networks, constitutes the 
main building block of several biological tissues1. The use of collagen in biomaterials and tissue 
engineering for regenerative purposes has been widely explored. Moreover, as hydrogels 
possess the unique property of sharing biomechanical characteristics with ECM2 are great 
candidates for tissue repair. Collagen exemplifies multi-hierarchical self-assembly as individual 
collagen triple helix, known as tropocollagen (TC), have the ability of assemble in a complex 
hierarchical way which causes the formation of macroscopic fibers, which continue to self-
assembly linearly and laterally and give rise to a hydrogel network3 (Figure III-1). 
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Figure III-1. Collagen self-assembly process: from the peptide chains to a hydrogel structure. Adapted from O’Leary et 
al3. 
Gross and coworkers4,5 and Jackson and Fessler6 reported for the first time the formation of a 
gel structure by collagen molecules. In their studies, they found that collagen could be extracted 
from tissues in diluted acids or high-salt buffers, and then reconstituted into fibrils by neutralizing 
and/or warming the solutions to 37ºC in a buffer containing a neutral salt solution. Under the 
electron microscope, it was seen how collagen molecules and aggregates of molecules would 
spontaneously self-assemble forming fibrils that had the characteristic 67 nm repeat distance.  
 
Figure III-2. Scheme of the hierarchical features of collagen, from the amino acid sequence up to collagen fibers7. 
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However, the formation of collagen fibrils can be altered by the addition of substances able to 
modify both electrostatic interactions and hydrophobic bonds8. The mechanism of collagen fibril 
formation has been under debate since 1950s. For instance, thermodynamic studies suggested 
that native collagen fibril formation was an endothermic process made thermodynamically 
favorable by the large increase in mobility of water molecules9. Other studies indicate that water- 
mediated hydrogen bonding between polar residues promotes collagen assembly10. So far, the 
collagen fibril formation process can be divided into two stages: nucleation and fiber growth11. In 
the cell, collagen fibrillogenesis begins with the generation of TC monomers by the cleavage of 
collagen propeptides at each triple helix terminus. TC monomers are flanked by short non-triple 
helical telopeptides, which are suggested to be important for initiating fibrillogenesis12. However, 
it has been demonstrated how triple helices lacking telopeptides can also assemble into fibrils, 
which suggests that telopeptides are not essential for collagen fibril formation, but they can 
accelerate the process13.  
TC monomers have the unique property of being unstable at body temperature, as the random 
coil is the preferred conformation14. Thus, the formation of fibrils must exert a stabilizing effect 
over the unstable collagen triple helices. This theory is supported by the fact that the assembly of 
strong macromolecular structures is essential for providing the appropriate mechanical 
resistance, which enables collagen to withstand stress in one, two and three dimensions15. The 
structure of the collagen microfibril has been determined as a hexagonal unit cell. This model 
suggests that TC monomers are packed forming super twisted, right-handed microfibrils, which 
ultimately lead to spiral-like structure of the mature collagen microfibril16. 
By and large, self-assembly processes can be defined as the autonomous organization of 
components into patterns or structures without human intervention17. Molecular self-assembly 
constitutes an approach for fabricating novel supramolecular architectures. It is mediated by 
weak, non-covalent bonds, notably hydrogen bonds, ionic bonds (electrostatic interactions), 
hydrophobic interactions, van der Waals interactions and water-mediated hydrogen bonds. All 
biomolecules, including peptides and proteins, interact and self-organize to form well-defined 
structures that are associated with functionality18.  
In contrast to collagen type I fibrillation, the process by which collagen type II, the main 
constituent of cartilage matrix, is arranged into higher order structures is still not well 
understood19. Thus, in the present work we will produce our cartilage-like hydrogel taking 
advantage of the widely described ability of collagen type I to self-assemble into hydrogel 
structures at physiologic conditions, is to say, 37ºC and pH 7,4. We will benefit of the intrinsic 
ability of collagen to organize into higher order structures and avoid the use of crosslinking agents 
which could compromise the biocompatibility of the scaffold. Moreover, thinking one step further, 
the simplest our formulation is, easier will be the regulation pathway towards market approval.  
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After studying the collagen self-assembly process, we also present an analysis of the 
interaction between collagen molecules and glycosaminoglycans hyaluronic acid and chondroitin 
sulfate. Both are key components of cartilage extracellular matrix and we intend to incorporate 
them into our hydrogel formulation in order to confer a higher chondrogenic potential to our 
scaffold.  
Cartilage extracellular matrix is mainly composed of proteoglycans and collagen. 
Proteoglycans consist in a protein core at which glycosaminoglycans are attached, forming a 
bottlebrush-like structure. Proteoglycans can bind or aggregate to a backbone of hyaluronic acid, 
as depicted below in Figure III-3. They account for approximately 30% of cartilage dry weight20 
while collagen fibers represent from 60 to 70% of the dry weight21 of the tissue.  
 
 
Figure III-3. Proteoglycan presence in cartilage extracellular matrix and its interaction with chondrocytes22. 
The network of collagen fibers provides both tensile strength to cartilage and the capacity to 
contain the swelling pressure of the embedded proteoglycans. In aqueous media, proteoglycans 
are polyanionic, as the molecule has negatively charged sites that arise from its sulfate and 
carboxyl groups. In solution, the mutual repulsion of the negative charges causes the spreading 
of the aggregated proteoglycan molecules which occupy a large volume, limited by the collagen 
network. This swelling of the proteoglycans against collagen fibers is critical for the mechanical 
response of the tissue. When cartilage is under compression, the negative charges of aggrecan 
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are pushed close together, increasing the repulsive force and conferring the compressive stiffness 
of the tissue23.  
Besides conferring such mechanical properties, both glycosaminoglycans also play a special 
role in cell signalling. As for hyaluronic acid, it has been reported that its interaction with the 
surface antigen CD44, hyaluronan main receptor, is crucial for maintaining cartilage 
homeostasis24,25,22. Besides, previous studies26 have shown that HA-enriched environments 
initiates and enhances chondrogenesis of human adipose-derived mesenchymal stem cells. 
Chondroitin Sulfate induces the synthesis of cartilage-specific markers, collagen, and 
proteoglycan by stimulating the chondrocyte metabolism27, moreover it has been shown to 
prevent proteoglycan degradation and to suppress the hypertrophic mineralization of 
chondrocytes28.  
Finally, after having studied the process by which our scaffold will be assembled and the 
interactions between its constituents, we present the biocompatibility assessment of our hydrogel 
formulation and the validation of the developed hydrogel-immobilizing technology. To do so, we 
have assessed the biocompatibility of the hydrogel and its immobilizing methodology, which is 
critical to be used for tissue engineering applications. Moreover, we have tested our 
immobilization procedure onto different materials which are very different in nature. The possibility 
of applying our technology to a wide range of materials opens the door to other applications 
besides osteochondral repair.  
Due to the high reactivity towards amines, ester polymer precursors, such as PFM have been 
used in the field of biomedicine29,30,31. However, it must be taken into account that 
pentafluorophenol has a toxic nature and to avoid cytotoxic effects it must be eliminated from the 
media after being used for biological purposes32. Our group has experience on using PFM thin 
films for different biological applications. For instance, it has been used to develop functional 
hydrogel films by initiated chemical vapor deposition (iCVD) that could be easily tailored and 
combined with biomolecules, being a powerful tool to study cell signaling33. Moreover, it has been 
demonstrated how PECVD PFM polymeric films can be used to develop new culture models as 
the so-called sandwich cultures, which have been successfully applied to maintain adult 
hepatocyte phenotype34. 
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3.2 Materials and Methods 
3.2.1 Collagen fibrillation studies using QCM-D 
 
To evaluate the collagen self-assembly process the QCM-D window module (QWM 401, 
BiolinScientific AB, Frölunda, Sweden) was used, which enables image acquisition during the 
progress of the experiment. Thus, images were acquired in real-time with an optical microscope 
(Leica DM 2500M). The QCM-D experimental protocol was designed based on reported results 
which show that type I collagen fibrillogenesis and gelation in vitro is a multistep process which 
occurs spontaneously at neutral pH and physiologic temperature35. Thus, after acquiring a PBS 
(E404-200TABS, Amresco®) baseline at 25ºC, a 0,5 mg/ml collagen solution (Fibricol®, #5133-
20ML, Advanced Biomatrix) in PBS was recirculated through the QCM-D chamber. Once signal 
has stabilized indicating substrate saturation, temperature was increased up to 37ºC, is to say, to 
physiologic temperature. At this point, all the environmental conditions should be appropriate for 
fibril formation. Next, a fresh collagen solution is then introduced and recirculated through the 
QCM-D chamber, which will provide collagen molecules necessary for fibril formation. Finally, a 
PBS wash was performed to eliminate the excess of collagen free molecules. 
3.2.2 Optical microscopy and atomic force microscopy (AFM) studies of collagen 
fibril formation 
 
To further evaluate the progression of collagen fibrillation process using both optical (Leica 
DM2500 M) and non-contact atomic force microscopy (XE 100 Park System; AFM) the same 
experimental procedure applied for the QCM-D experiment was reproduced using silicon wafers. 
Briefly, silicon wafers were incubated following the same pattern and conditions than for QCM-D 
experiment. As it has been detailed for the QCM-D protocol, the experiment can be divided in 
four stages: (I) collagen recirculation at 25ºC (II) temperature increase from 25ºC to 37ºC (III) 
fresh collagen solution recirculation at 37ºC (IV) final PBS wash. Four samples (Table III-1) were 
prepared, each of them corresponding to one of the stages of the fibrillation process. Samples 
were incubated following the corresponding procedure under agitation using the orbital shaker. 
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Table III-1. Reproduction of the QCM-D experiment soaking silicon wafers in a 24-well plate 
Sample Soaking solutions (Soaking time) QCM-D Equivalence 
Wafer 1 
PBS 1X (90 min) PBS Baseline 
Collagen 500 g/ml at 25ºC (7 hours) 
Collagen adsorption at 
25ªC 
Wafer 2 
PBS 1X (90 min) PBS Baseline 
Collagen 500 g/ml at 25ºC (7 hours) 
Collagen adsorption at 
25ªC 
Temperature Change to 37ºC (O/N) Temperature Change 
Wafer 3 
PBS 1X (90 min) PBS Baseline 
Collagen 500 g/ml at 25ºC (7 hours) 
Collagen adsorption at 
25ªC 
Temperature Change to 37ºC (O/N) Temperature Change 
Fresh Collagen Solution 500 g/ml at 37ºC (7 
hours) 
Collagen adsorption at 
37ªC 
Wafer 4 
PBS 1X (90 min) PBS Baseline 
Collagen 500 g/ml at 25ºC (7 hours) 
Collagen adsorption at 
25ªC 
Temperature Change to 37ºC (O/N) Temperature Change 
Fresh Collagen Solution 500 g/ml at 37ºC (7 
hours) 
Collagen adsorption at 
37ªC 
PBS 1X Wash (90 min) Final PBS Wash 
 
3.2.3 Studying the interaction of collagen with GAGs: a QCM-D study 
3.2.3.1 Studying the Interaction of GAGs with a collagen monolayer 
 
First, the interaction between both hyaluronic acid and chondroitin sulfate with a collagen 
monolayer has been evaluated using the following methodology. QCM-D gold sensors have been 
coated with PFM by PECVD, following the procedure described below. First, the experiment has 
been performed at physiological pH, is to say 7,4. A baseline was obtained flowing a PBS solution 
through the QCM-D chamber. Next, a 10 g/ml collagen solution has been recirculated until 
substrate saturation. Next, a PBS wash has been performed to eliminate the collagen molecules 
that have not reacted with the PFM film. Then, a solution of 2mg/ml of hyaluronic acid or 
chondroitin sulfate in PBS has been recirculated through the QCM-D chamber until reaching 
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signal stabilization. A final PBS wash has been performed to eliminate the non-interacting 
molecules.  
Next, in to evaluate the effect of pH over the interaction between collagen and 
glycosaminoglycans, the following procedure has been used. First, a PBS baseline was obtained 
followed by a 10 g/ml collagen solution recirculation, to obtain a collagen monolayer. It must be 
considered, that collagen molecules must be deprotonated to be able to react with the underlying 
PFM film, being this the reason for working at pH 7,4. Next a PBS wash was performed to remove 
the excess of collagen molecules. To induce a pH change, an acetate buffer at pH 4.0 was flown 
through the QCM-D chamber. Next, a solution of 2mg/ml of hyaluronic acid or chondroitin sulfate 
in acetate buffer has been recirculated through the QCM-D chamber, until reaching signal 
stabilization. Finally, an acetate buffer wash was performed to remove the non-interacting 
molecules, and it was followed by a PBS wash to return the system to its initial pH conditions.  
3.2.3.1 Studying the Interaction of GAGs with self-assembled collagen fibers 
In order to study the interaction of GAGs with self-assembled collagen fibers, the QCM-D 
protocol followed and described before was performed. The entire experiment was performed at 
pH 7,4, as pH changes could disrupt the previously formed collagen fibers. Thus, after collagen 
fibril formation, a solution of 2 mg/ml of HMW-HA or LMW-HA was recirculated through the QCM-
D chamber. Finally, in order to remove the non-interacting molecules, a PBS buffer wash was 
carried out.  
3.2.4 In vitro testing of the hydrogel formulation 
3.2.4.1 Culture of human Normal Dermal Fibroblasts 
 
In order to perform the biocompatibility assessment of the hydrogel formulation, the cell 
encapsulation protocol and the hydrogel immobilization procedure human Normal Dermal 
Fibroblasts (hNDFs, C-12302 Promocell, Heidelberg, Germany) were used. hNDFs were cultured 
in P100 petri dishes (20035, SPL Lifesciences) using DMEM (Lonza) supplemented with 10% 
fetal bovine serum (FBS, 16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin 
(L0022, Biowest) and 2mM L-Glutamine (X0550-100, Biowest). Cultures were maintained in the 
incubator in humidified atmosphere at 37ºC and 5% CO2.  
3.2.4.2 Cell harvesting and subculture from tissue flasks 
 
Petri dishes were washed with 4ml of PBS (L0615-500, Biowest) and treated with 2 ml of 
Trypsin-EDTA 0,05% (25300062, Gibco - Life Technologies) for 3 minutes at 37ºC, or until cells 
started to detach from the plate. Trypsin was inactivated adding 8 ml of serum containing DMEM, 
and cells were disrupted mechanically by pipetting until individual cells were observed under 
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phase microscopy. Next, cells were counted and resuspended as needed for the next passage 
or for their encapsulation in hydrogels.  
3.2.4.3 3D culture technique using collagen/glycosaminoglycans composite hydrogels 
 
The procedure for cell encapsulation into collagen/glycosaminoglycans composite hydrogels is 
depicted below in Figure III-4. Briefly, an 8 mg/ml collagen type I (Fibricol®, #5133-20ML, 
Advanced BioMatrix) solution (hydrogel gelling solution) was prepared by mixing 8 parts of 
Fibricol®, 1 part of PBS 10X (X0515, Biowest), 0,75 parts of a sterile filtered 0,1M NaOH (A3910, 
Panreac) solution and 0,25 of cell-culture water (BE17-724Q, Lonza). This solution was mixed 
with an equal volume of cell suspension (4ꞏ106 cells/ml) in PBS containing 0,3 mg/ml of hyaluronic 
acid and or chondroitin sulfate (both glycosaminoglycans were kindly provided by Bioiberica 
S.A.U), to obtain a final cell concentration in the hydrogel scaffold of 2ꞏ106 cells/ml. Next, 100 l 
of the scaffold solution was placed in a 48-well plate (30048, SPL Lifesciences) and incubated 
during 45 minutes at 37ºC and 5% CO2 to allow the hydrogel formation. Finally, 400 l of 




Figure III-4. 3D culture protocol in collagen/glycosaminoglycan composite hydrogel. (A) Scaffold solution preparation, 
(B) Hydrogel scaffold self-assembly and further incubation. 
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3.2.4.4 Collagen layer coating of pp-PFM-coated substrates and cell seeding for in vitro 
testing 
 
pp-PFM-coated substrates were used to assess the effect of the PFM coating over the cell 
viability. The materials used for in vitro testing were PTFE membranes (Millipore®), Collagen 
membranes (Viscofan Bioengineering) and hydroxyapatite disks (Plasma Biotal Ltd.)  
Briefly, substrates were coated with PFM by PECVD as it will be described below. After plasma 
treatment, pp-PFM-coated substrates were incubated overnight at 37ºC with a 0,1 mg/ml collagen 
solution (Fibricol®, #5133-20ML, Advanced Biomatrix) to obtain a collagen layer onto the 
polymeric coating. Next, substrates were rinsed with PBS to remove the unbound collagen 
molecules and the remaining pentafluorophenol groups. Then, collagen-ppPFM-PTFE and the 
collagen-ppPFM-collagen membranes were sterilized using a 70% ethanol solution34, while the 
other substrates were sterilized under UV. Next, a thin collagen hydrogel was self-assembled 
onto the collagen layer attached to the polymeric coating. To do so, a collagen gelling solution 
(Fibricol®, #5133-20ML, Advanced Biomatrix) was prepared as follows: 8 parts of a collagen 
solution 10mg/ml was mixed with 1 part of PBS 10X 0,75 parts of a NaOH solution 0,1M and 0,25 
parts of cell culture H2O. Thus, enough volume of gelling solution to cover the entire surface was 
placed onto the substrates and incubated during 1 hour at 37ºC to allow the hydrogel formation. 
Next, cells are seeded on the top of the hydrogel as follows. 
To seed the cells onto the coated substrates, the latter were incubated with the corresponding 
volume of human Normal Dermal Fibroblasts (hNDFs, C-12302, Promocell) cell suspension in 
DMEM (supplemented with 10% FBS, 1% glutamine and 1% penicillin/streptomycin) at a final 
concentration of 24000 cells/ml. Following a 48-hour attachment period in the incubator at 37ºC 
and 5% CO2, medium was changed to remove dead cells. Cells were left at the incubator and 
medium was changed every two days. 
3.2.4.5 Live/Dead staining 
Cell viability was assessed using a two-dye fluorescence assay. Live cells are stained green 
thanks to intracellular estearase activity, which transforms non-fluorescent fluorescein diacetate 
into green fluorescent fluorescein. Dead cells appear red as ethidium bromide (EtBr) enters dead 
cells through damaged membranes and binds nucleic acids. Briefly, culture medium was removed 
from the wells and the constructs were washed three times with PBS (L0615-500, Biowest). Then, 
samples were covered with a staining solution of 10 g/ml fluorescein diacetate (FT378, Sigma-
Aldrich) and 40 g/ml of EtBr (E7637, Sigma-Aldrich) in PBS1X. Samples were analyzed under 
fluorescence microscope (Zeiss Axiovert 200M). 
3.2.4.6 DAPI/Phalloidin staining 
To assess cell morphology cells were double stained with DAPI [4’,6-diamidino-2-phenylindole] 
(D9542, Sigma-Aldrich) and phalloidin-tetramethylrhodamine B isothiocyanate (P1951, Sigma-
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Aldrich). Shortly, constructs were fixed with 4% paraformaldehyde (PFA) during 30 minutes at 
4ºC, followed by three washes with PBS. Next, cell membranes were permeabilized with an 
incubation in 0,1% (v/v) Triton x-100 in PBS during 30 minutes at room temperature and with soft 
shaking, followed by three PBS washes. Samples were incubated with phalloidin-TRITC at a final 
concentration of 1 g/ml in PBS for 25 minutes. Next, a DAPI solution with a concentration of 1 
mg/ml is added onto the previous solution and incubated for 5 minutes. Finally, three washes of 
10 minutes each are performed with PBS under agitation.  
3.2.4.7 MTT assay 
 
Cell viability was assessed using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] (M5655, Sigma-Aldrich) assay. Briefly, cell culture medium was aspirated from the wells, 
and the reagent was added to a final concentration of 0,5 mg/ml in DMEM. Next, samples were 
incubated during 3 hours at 37ºC in the dark. Subsequently, the reagent solution was aspirated, 
and the constructs lysed using a 0,04N HCl solution in isopropanol. Finally, the absorbance was 
read at 550nm.  
3.2.5 Surface modifications by plasma techniques 
 
All the surface modifications carried out in the present chapter have been performed using a 
stainless steel vertical plasma reactor, as described in the previous chapter. Briefly, after 
obtaining a base pressure of 0.001-0.003 mbar, PFM (K27096, Manchester Organics Ltd.) was 
heated up to 75ºC and introduced into the reactor chamber achieving a pressure of 3,5ꞏ10-2 mbar. 
The continuous radiofrequency power was fixed at 15W and pulsed plasma polymerization with 
a duty cycle (DC) of 10/20 [DC = tON/(tON+tOFF)]36 was carried out for 5 minutes. Next, plasma 
discharge was turned off, and PFM vapour flow has been kept constant for 3 additional minutes 
in order to allow the remaining active sites to react with the monomer.  
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3.3 Results and discussion 
3.3.1 Collagen fibrillation studies using QCM-D 
 
First, the ability to monitor the collagen fibril formation process with the QCM-D technique was 
evaluated using a non-coated stainless-steel sensor. The experimental procedure was designed 
based on the capacity of collagen molecules to self-assemble at physiologic conditions, is to say, 
pH 7,4 and 37ºC1. The use of QCM-D to study fibrillation processes has been previously 
reported37,38. Hovgaard et al37 reported the use of QCM-D in combination with AFM to study 
glucagon fibrillation, and the obtained results lead us to hypothesize that we could exploit both 
techniques to study collagen self-assembly process.  
Changes in both frequency and dissipation signals recorded by QCM-D are shown in Figure 
III-6A. As expected, the recirculation of the collagen solution through the QCM-D chamber caused 
a frequency shift due to the increase of mass adsorbed onto the sensor’s surface. Once substrate 
saturation was reached, is to say, when frequency signal reached a plateau, temperature was 
increased up to 37ºC. At this point, all the environmental conditions should be appropriate for fibril 
formation. As it can be seen (Figure III-6A), the change of temperature itself entails both a 
frequency and dissipation shift. In order to determine the magnitude of signal variation inherently 
tied to the temperature change, the effect of increasing from 25ºC to 37ºC the QCM-D chamber 
temperature over a PBS buffer solution is measured. As it can be seen in Figure III-5A, a change 
of temperature has a strong effect over both frequency and dissipation signals. It must be noticed 
that temperature change does not induce any irreversible change in the flowing solution over the 
sensor surface, as both signals return to their initial value when temperature is fixed again to 25ºC 
at the end of the experiment. As temperature changes induce variations in the oscillation of the 
resonator, variations in the observed viscoelastic behavior of the adsorbed layer are expected. 
The latter is confirmed by the D versus f plot (Figure III-5B), which shows the presence of 
changes in the viscoelastic properties. I can be seen how the relation between the two parameters 
is not linear during all the experiment, and changes of slope, which mark the limits between the 
different processes at which the system has been submitted, can be clearly appreciated. 
However, the cycle of heating and cooling produces a frequency and dissipation hysteresis, as 
both signals return to its initial value at the end of the experiment, that is when temperature is 
returned to its initial value. Thus, one can be certain that changes produces over the resonator 
by the temperature change itself are reversible. So, if the fibrillation process is related with 
detectable changes by the QCM-D in viscoelastic properties of the adsorbed layer it will be 
monitored, and appreciable differences with regard to the blank measurement are expected. 
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Figure III-5. Effect of temperature change over PBS. (A) QCM-D evolution profile. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 
11th (◄), and 13th (Ӿ) overtones are shown. (B) D7 vs f7 (Hz) plot.  
Focusing again on Figure III-6A, it can be appreciated how after temperature stabilization, both 
frequency and dissipation signals reach a plateau suggesting that no change in the adsorbed 
layer is taking place. The collagen solution has been recirculated during several hours, thus, the 
possibility that free collagen molecules available for fibril formation are exhausted is considered. 
Thus, a fresh collagen solution is pumped through the QCM-D chamber (Stage III, Figure III-6A) 
to provide free collagen molecules for fibril formation. The flow of the fresh solution causes an 
increase in the dissipation signal; however, frequency remains practically constant. The fact that 
frequency signal remains constant suggests that the system is not reporting a mass increase over 
the sensor surface. In contrast, the increase in dissipation signal reveals that the adsorbed layer 
is becoming more dissipative. It could be hypothesized that changes in the system viscoelasticity 
are due to fibril formation. However, as QCM-D data alone is not enough, further characterization 
is required to confirm the presence of fibers. Thus, taking advantage of the QCM-D window 
module potential, which enables real-time sensor optical monitoring of the sensor surface, optical 
microscopy images are taken as the experiment progresses. Figure III-6C shows the images 
taken through QCM-D window module at the end of each stage. As it can be seen, after stage I 
the image gets cloudy, and cloudiness increases with the experiment progression.  
To confirm the presence of collagen fibers through higher resolution images, the experiment 
was reproduced, as detailed before, using silicon wafers as substrate, and following the same 
protocol than for the QCM-D experiment (Figure III-6D). Collagen fibers can be already seen after 
the first stage and after the subsequent temperature change, as it is shown in Figure III-6D stages 
I and II. However, the presence of fibrils is not homogeneous over the entire substrate’s surface. 
Thus, it can be hypothesized that the formation of collagen fibers starts with a heterogeneous 
nucleation process, by which collagen molecules adsorb at preferential sites onto the substrate 
surface, for instance superficial defects. After flowing the fresh collagen solution (phase III) and 
concurring with the dissipation signal shift, the presence of collagen fibers is widespread 
throughout the substrate, and it is not undermined by the final PBS wash. Therefore, the 
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introduction of the fresh collagen solution plays an important role in fibril extension, as it provides 
more protein molecules available for fibril growth. It must be pointed out that the introduction of 
the fresh collagen solution (phase III) does not trigger fibril formation as it might be thought judging 
by the QCM-D signal evolution profile alone, instead, the first collagen fibrils can be observed 
during the initial collagen adsorption at 25ºC. However, no changes in frequency and/or 
dissipation signal that could be associated with fibrillation occur at stage I. Thus, it is suggested 
that the detection of the fibrillation process by QCM-D is subject to the extent of fibril formation, 
as detectable viscoelastic changes in the adsorbed layer may occur when the substrate surface 
is significantly covered by protein molecules. 
Thanks to the combination of QCM-D technique with optical microscopy images, the formation 
of collagen fibers has been confirmed. It must be pointed out that we have been able to relate the 
dissipation shift (Figure III-6A) that occurs after the introduction of the fresh collagen solution 
(stage III) with the extension of fibril presence over the entire sensor’s surface. As for the 
frequency signal, it has been seen that the fact that viscous films are not fully coupled onto the 
sensor’s surface and they do not follow the sensor oscillation39 could explain that fibril formation 
does not result in a frequency shift as collagen fibers are highly viscous and they are not fully 
attached to the sensor surface.  
The viscoelastic behavior of the adsorbed layer can be further analyzed by the direct relation 
between changes in dissipation signal and the frequency shift (Figure III-6B) as alterations in the 
slope of D-f curve can be attributed to configuration changes37. The horizontal discontinuous 
line indicates the change of collagen solution (transition from phase II to phase III), thus, the data 
above the line corresponds to the recirculation of the fresh new solution. A change in viscoelastic 
behavior can be appreciated, as two different regions can be clearly distinguished. After the 
introduction of the fresh collagen solution, the ratio between dissipation changes and frequency 
shift increases indicating that the adsorbed layer becomes softer and dissipative. Finally, it can 
be seen how the PBS wash does not alter the slope of D-f curve which is in line with both 
Figure III-6A and Figure III-6D. The former shows no changes in both frequency and dissipation 
signals after PBS wash, while the latter demonstrates that collagen fibers remain attached to the 
substrate after the buffer wash. Thus, we can be certain that fibril formation is a superficial 
phenomenon rather than a change in the bulk solution. 




Figure III-6. QCM-D monitoring of collagen fibrillation using the window module. (A) frequency (f) and dissipation (D) 
measurements. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. (B) D7 vs f7 curve 
(C) optical microscopy images taken through the QCM-D window module (D) optical microscopy images of the 
experiment reproduction using silicon wafers. 
As it can be seen below in Figure III-7, the presence of collagen fibers at the end of the process 
was confirmed by AFM. 
 
 
Figure III-7. AFM microscopy performed on a silicon wafer after stage IV. 
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To get a deeper insight into the viscoelastic changes associated with the dissipation shift which 
has been related with the fibril formation process, the thickness of the adsorbed layer has been 
obtained using the Voigt model40 (Figure III-8). As shown, the thickness follows the same pattern 
than the dissipation. However, while dissipation signal is affected by the temperature change, the 
thickness of the adsorbed layer remains nearly unaffected, supporting that the signal variation 
associated with the temperature change is an artifact of the measurement system. After the 
addition of the fresh collagen solution there is a sudden increase of thickness which can be 
attributed to the fibril formation process. Finally, a PBS wash is performed to remove free collagen 
molecules and stop the fibrillation process. As it can be seen, this washing step causes the 
stabilization of both dissipation and thickness.  
 
 
Figure III-8. Progression of thickness obtained with Voigt model together with variation of dissipation (D7) during the 
collagen fibril formation process.  
To that extent, the ability of the QCM-D technique to monitor collagen self-assembling process 
has been demonstrated. Next, the previous experiment will be repeated using a PFM-coated 
sensor, in order to evaluate the effect of the polymeric coating over fibril formation (Figure III-9). 
To be used as linking interface between a substrate and a collagen-based hydrogel, the PFM 
coating not only must not disturb the collagen fibrillation process but also should enhance its self-
assembly.  
As it happened with the non-coated sensor, the recirculation of a collagen solution through the 
QCM-D chamber caused a frequency shift, as a result of mass adsorption onto the sensor’s 
surface. However, the presence of the PFM coating leads to the absorption of a higher amount 
of protein, resulting in a higher frequency shift. Next, the temperature change itself caused both 
a frequency and dissipation shift as it happened with the non-coated sensor. However, in this 
case the dissipation signal keeps increasing while the frequency signal reaches a plateau after 
temperature stabilization. The latter can be a caused whether by a change in the pp-PFM coating 
or by a change in the viscoelasticity of the adsorbed protein layer. To be sure that the polymeric 
coating is not affected by the temperature change, a control experiment has been performed by 
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flowing PBS through the QCM-D chamber and changing the temperature from 25 to 37ºC. Again, 
the temperature change itself caused both a frequency and dissipation shift, however both signals 
reached a plateau after temperature stabilization (data not shown), demonstrating that the PFM 
coating remains unaffected by the temperature change. Again, a fresh collagen solution is 
recirculated through the system after temperature change and stabilization. As it can be seen, 
after flowing the fresh collagen solution through the chamber, the frequency signal remains 
constant and dissipation keeps increasing, meaning that the adsorbed layer becomes more 
dissipative. As PFM provides anchoring points for collagen molecules it is possible that the 
fibrillation takes place right after the temperature change, as there are sufficient collagen 
molecules anchored to the sensor’s surface to start the process. Moreover, after temperature 
change, differences between the overtones grow, which may be attributed to a higher surface 
thickness caused by fibrillation. It should be stressed that for the non-coated sensor the overtone 
widening was not appreciated.  
 
Figure III-9. Frequency and Dissipation changes during collagen fibril formation process for a PFM-coated stainless-
steel sensor. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
To support the QCM-D results, optical microscopy images obtained after the incubation of both 
non-coated and PFM-coated silicon wafers are shown in Figure III-10. The most significant 
difference between the non-coated and the PFM-coated substrate is that the latter is entirely 
covered by collagen fibers right after temperature change. Thus, it can be hypothesized that the 
formation of collagen fibers starts with a heterogeneous nucleation process, by which collagen 
molecules adsorb at preferential sites onto the substrate’s surface. For the non-coated substrate, 
those preferential sites are mainly superficial defects, while for the PFM-coated substrate are the 
reactive groups of the polymeric coating, which are homogeneously distributed. Moreover, for the 
non-coated substrate there is a significant difference between the image taken before and the 
one taken after flushing the fresh collagen solution, which causes the appearance of a great 
amount of fibers. On the contrary, for the PFM-coated substrate the extent of fiber formation is 
less affected by the addition of a fresh collagen solution. Thus, it has been demonstrated how the 
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presence of the polymeric coating promotes the self-assembling process as it provides anchoring 
points for collagen molecules accelerating the fibril formation process.  
 
 
Figure III-10. Stimulation of the QCM-D experiment with silicon wafers for both non-coated and PFM-coated wafers.  
3.3.2 Interaction of GAGs with collagen: a QCM-D study 
 
As already mentioned, hyaluronic acid and chondroitin sulphate are key components of the 
cartilage extracellular matrix. Hence, to obtain a high degree of mimicry with cartilaginous tissue 
we will incorporate both of them to our hydrogel formulation. Thus, after having studied the 
collagen fibril formation process and demonstrated the viability to monitor the process through 
QCM-D technique, we continue our study analyzing the interaction between collagen and both 
hyaluronic acid and chondroitin sulphate. Again, we used QCM-D technique, as it is well known 
that it constitutes a powerful technique to understand the interaction between biomolecules and 
to evaluate the viscoelastic properties of thin films.  
To proceed with the study, we have coated QCM-D gold sensors with a PFM coating through 
PECVD technique. Gold sensors were chosen to perform these experiments in order to simplify 
the experimental procedure, as they are easy to clean allowing a high reproducibility.  
Next, we have immobilized a collagen monolayer, reproducing the linking interface that we 
intend to use for our osteochondral graft. Following collagen immobilization, solutions of 
hyaluronic acid, both high and low molecular weight, or chondroitin sulfate have been flown 
through the QCM-D chamber, allowing them to interact with the previously immobilized collagen 
molecules.  
Figure III-11 shows the obtained results for the immobilization of collagen onto a pp-PFM-
coated gold sensor followed by hyaluronic acid (HA), both high molecular weight (HMW) (Figure 
III-11A) and low molecular weight (LMW) (Figure III-11B), solution recirculation through the QCM-
D chamber. All the experiment has been carried out at pH 7,4, is to say, physiological pH. The 
initial collagen adsorption leads to nearly the same amount of immobilized protein (f7 (▼) =-
250Hz) for both experiments, however the obtained results after the recirculation of hyaluronic 
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acid depend on its molecular weight. As it can be seen, the recirculation HMW-HA causes a slight 
decrease of frequency (f=60Hz), while after the recirculation of the LMW-HA frequency remains 
nearly constant (Figure III-11B). As for dissipation signal, an increase can be appreciated in both 
cases, being higher in the case where HMW-HA was used (Figure III-11A). The slight change in 
frequency signal could lead to hypothesize that no interaction takes place between collagen and 
hyaluronic acid. However, as it has been shown previously for the collagen fibrillation process, 
some events can only be detected by changes in dissipation signal. As it occurred with collagen 
self-assembly, we can hypothesize that the introduction of big molecules of hyaluronic acid to the 
system increase its viscoelasticity, and as the resulting film is not fully coupled to the sensor’s 
surface it is not able to report frequency changes, as the film does not follow the oscillation of the 
resonator39. Moreover, the fact that hyaluronic acid is a polyanionic molecule must be considered. 
Negative charges from its carboxylic acid and sulfate groups may cause the swelling of the 
hydrogel thin film, as to avoid repulsion hyaluronic acid molecules expand occupying a large 




Figure III-11. Frequency (f) and dissipation (D) changes of collagen and hyaluronic acid absorption onto a pp-PFM-
coated sensor. (A) HMW-HA (B) LMW-HA. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are 
shown. 
Next, the same procedure as the one followed for hyaluronic acid was used to analyze the 
interaction between a collagen molecules and chondroitin sulfate. Figure III-12 shows frequency 
and dissipation changes for the immobilization of collagen followed by chondroitin sulfate 
recirculation through the QCM-D chamber. Again, the recirculation of chondroitin sulfate causes 
a slight decrease in frequency signal, however, in this case the increase of dissipation is also 
nearly negligible. It must be taken into account that chondroitin sulfate is a smaller molecule, and 
thus, if recirculated at the same concentration than HA the negative charge density in the system 
is higher, which leads to a high repulsion. This repulsion may avoid the interaction of CS with the 
underlying collagen monolayer.  
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Figure III-12. Frequency (f) and dissipation (D) changes of collagen and chondroitin sulfate adsorption onto a pp-
PFM coated sensor. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
As frequency changes observed for both types of hyaluronic acid and chondroitin sulfate were 
subtle in physiologic conditions, we considered performing pH changes in order to cause the 
protonation of collagen molecules. Thus, the interaction between the protonated collagen 
monolayer and the negatively charged glycosaminoglycans will be analyzed. 
According to its isoelectric point and pKa values respectively (Table III-2), both hyaluronic acid 
and chondroitin sulfate are negatively charged at physiologic pH, however, as the isoelectric point 
of collagen is between pH 7 and 8 we cannot assure that collagen is protonated at physiologic 
conditions.  
Table III-2. Isoelectric points and pKa of collagen, hyaluronic acid and chondroitin sulfate 
Compound 
Isoelectric point / pKa at 
pH 
Collagen type I 








pKa (carboxyl) 3-5 
pKa (sulfate) 1,5-2 
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Thus, the experimental procedure shown in Figure III-13 has been developed. Briefly, collagen 
is immobilized at pH 7,4, as its amino groups need to be deprotonated in order to react with PFM. 
After protein immobilization, we change the pH by performing and acetate buffer (pH 4.0) wash. 
Next, we flow a solution of glycosaminoglycans (hyaluronic acid or chondroitin sulfate) in acetate 
buffer through the QCM-D chamber. 
 
Figure III-13. QCM-D procedure to study the effect of pH change over the interaction between collagen and hyaluronic 
acid and chondroitin sulfate.  
Again, the frequency and dissipation changes observed for hyaluronic acid (Figure III-14) are 
subtle. However, it can be seen how, in contrast with the results obtained at physiological pH, the 
recirculation of hyaluronic acid causes an increase in frequency and a decrease in dissipation. It 
must be noticed that changes are more evident for LMW-HA (Figure III-14B). The fact that 
dissipation signal decreases means that the adsorbed film becomes more rigid after hyaluronic 
acid recirculation. The increase of rigidity of the adsorbed layer can be attributed to a collapse, 
caused by the interaction between the positively charged collagen monolayer and the negatively 
charged hyaluronic acid chains. Thus, if the adsorbed layer collapses, it is likely that the increase 
of frequency is related to a loss of water, as it has been previously reported43.  
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Figure III-14. Frequency (f) and dissipation (D) changes of collagen and hyaluronic acid absorption onto a pp-PFM-
coated sensor. (A) HMW-HA (B) LMW-HA. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are 
shown. 
Next, Figure III-15 shows the evolution of frequency and dissipation signal for the absorption of 
collagen onto a PFM-coated gold QCM-D sensor followed by chondroitin sulfate recirculation 
through the QCM-D chamber. The initial flow of the collagen solution causes, as expected, a 
decrease of frequency and an increase of dissipation, due to protein adsorption onto the sensor’s 
surface. Then, the recirculation of chondroitin sulfate solution after the pH change leads to an 
increase of the frequency signal and to a decrease of the dissipation signal. Changes are more 
evident than those observed for hyaluronic acid. Again, it must be considered that chondroitin 
sulfate is a smaller molecule, and thus, at the same concentration than HA, the density of negative 
charges in the system will be higher. Dissipation signal increases as the film becomes more rigid 
due to the ionic interaction between collagen molecules and chondroitin sulfate. Again, this 
increase in rigidity is caused by the adsorbed layer collapse, which at the same time can be 
related with the expulsion of water molecules out of the adsorbed layer43.   
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Figure III-15. Frequency (f) and dissipation (D) changes of collagen and chondroitin sulfate adsorption onto a pp-
PFM coated sensor. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
Next, once the interaction between collagen molecules and both hyaluronic acid and 
chondroitin sulfate, the interaction between the glycosaminoglycans and collagen fibers is 
evaluated. The entire experiments are performed at physiological pH, as pH changes could 
disrupt collagen fibers.  
Then, the result of flowing an HMW-HA after collagen fibril formation through the QCM-D 
chamber is presented (Figure III-16). As it can be appreciated, the recirculation of HA causes a 
decrease in frequency signal for the external overtones (f3, f5, f7 and f9). As expected, the 
adsorbed film becomes more dissipative, as high molecular weight hyaluronic acid is highly 
viscoelastic. The fact that changes are only sensed by external overtones, support our theory that 
when working with highly dissipative films, the sensor does not sense completely the adsorbed 
mass onto its surface, as it is not fully coupled. Finally, it must be noticed how the final PBS wash 
causes an increase of frequency and a decrease of dissipation, to the levels before hyaluronic 
acid recirculation. This phenomenon shows that hyaluronic acid is not able to penetrate into the 
collagen network, and thus remain entrapped after the final buffer wash. Moreover, as hyaluronic 
acid is such a big molecule, the electrostatic interaction between HA and collagen fibers must be 
very weak.  
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Figure III-16. Frequency (f) and dissipation (D) changes of collagen fibrillation and HMW-HA recirculation through the 
QCM-D chamber.  The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
Next, the previous experiment was reproduced using LMW-HA solution (Figure III-17). As it can 
be seen, the flow of LMW-HA causes a significant increase of frequency signal for the external 
overtone (D3), however in this case frequency remains nearly constant. Again, the fact that a 
highly viscous film is adsorbed onto the sensor surface, and that LMW-HA molecules are smaller 
than those of HMW-HA may cause that no changes are appreciated for frequency signal. The 
increase of dissipation may be related with the interaction of hyaluronic acid molecules with the 
outer part of collagen mesh layer. It points out, that in contrast with the previous experiment, the 
final PBS wash does not cause significant changes in both signals. The latter can be attributed 
that the smaller size of LMW-HA enables its partial entrapment into the collagen mesh, creating 
a stronger interaction that is not disrupted by the buffer wash.  
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Figure III-17. Frequency (f) and dissipation (D) changes of collagen fibrillation and LMW-HA recirculation through the 
QCM-D chamber. The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
Next, Figure III-18 shows the result of flowing a chondroitin sulfate solution after the formation 
of collagen fibrils. As it can be seen, once CS is introduced in the QCM-D chamber frequency 
signal increases as consequence of the interaction between negatively charged chondroitin and 
positive charges of collagen which causes the expulsion of water molecules embedded in the 
collagen fiber mesh. As for dissipation signal, it can be seen how the distance between the 
overtones increases, as chondroitin sulfate interacts with the outer layer of the adsorbed collagen 
mesh.  
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Figure III-18. Frequency (f) and dissipation (D) changes of collagen fibrillation and CS recirculation through the 
QCM-D chamber.  The 3rd (), 5th (▲), 7th (▼), 9th (♦), 11th (◄), and 13th (Ӿ) overtones are shown. 
Next, once we have studied the mechanisms by which the designed matrix is assembled, we 
present a biocompatibility assessment of the hydrogel formulation and a proof of concept for the 
validation of the developed hydrogel immobilization methodology. 
3.3.3 In vitro testing of the hydrogel formulation and cell encapsulation 
methodology  
 
As already mentioned, following the evaluation of the hydrogel matrix formation we proceeded 
with biocompatibility studies, to evaluate both the matrix composition and the designed cell 
encapsulation process. To do so, human Normal Dermal Fibroblasts (hNDFs) were encapsulated 
in both collagen and collagen/GAGs hydrogel formulations and MTT assays were performed at 
different time points.  
¡Error! No se encuentra el origen de la referencia. shows the obtained results for the MTT 
assays. As it can be seen, cell viability was analyzed at different time points, and it is shown how 
it remains nearly constant along time and it remains unaffected by the addition of 
glycosaminoglycans.  
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Figure III-19. Viability assessment using the MTT assay of hNDFs embedded in Collagen, Collagen / Hyaluronic acid 
(HyA) and Collagen / Chondroitin sulfate (CS) hydrogel formulations. (Results presented as average mean with 
standard deviation represented as error bars. t test was used for statistical analysis, giving no significant differences 
between the analyzed time points.) 
Moreover, a viability staining with fluorescein diacetate (FDA) and ethidium bromide (EtBr) was 
performed to qualitatively determine the viability of cells embedded in collagen hydrogels (Figure 
III-20A), collagen/hyaluronic acid hydrogels (Figure III-20B) and collagen/chondroitin sulphate 
hydrogels (Figure III-20C). It can be seen how the vast majority of cells are alive for the three 
analyzed formulations, thus we can be certain that the incorporation of the glycosaminoglycans 
in the collagen-based hydrogel formulation has no negative effect over cell viability. Moreover, by 
comparing the MTT results obtained for the three studied formulations (Figure III-20D) after 10 
days of culture, it can be seen how the addition of both glycosaminoglycans has a significant 
positive effect over cell viability. The highest value is obtained with the addition of chondroitin 
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Figure III-20. Viability assessment using human Normal Dermal Fibroblasts (hNDFs) embedded in: (A) collagen 
hydrogel, (B) collagen/hyaluronic acid hydrogel (C) collagen/chondroitin sulfate after 10 days of culture using 
fluorescein diacetate and ethidium bromide staining (D) comparison of the MTT results obtained for the three tested 
formulations at day 10 of culture. Living cells appear stained green while dead cells are stained red. (Statistical 
differences are indicated as. * for p<0.05, ** for p<0.01, and *** for p < 0.001, t test, n=3). 
Finally, Figure III-21 shows the viability staining of a hydrogel containing both hyaluronic acid 
and chondroitin sulphate, and as it occurred with the previous formulations it can be stated that 
the simultaneous addition of both glycosaminoglycans does not affect cell viability, as the majority 
of cells appear stained green, meaning that they are alive.  
 
 
Figure III-21. Viability assessment using human Normal Dermal Fibroblasts (hNDFs) embedded in a collagen / 
hyaluronic acid / chondroitin sulfate hydrogel. Living cells appear stained green while dead cells are stained red. 
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Thus, the results of the viability analysis give proof that the composition of the tested hydrogel 
formulations has no toxic effects as well as they demonstrate that the cell encapsulating process 
and the hydrogel polymerization are harmless, and lead to high cell viability.  
Next, aiming to go one step further, we present a proof of concept for the validation of the 
developed immobilizing protocol. Both its versatility, which would enable its application in a wide 
range of materials, and biocompatibility are studied.  
3.3.4 Collagen-based hydrogel immobilization onto different substrates: a proof of 
concept  
 
The results obtained with the QCM-D demonstrate, at a molecular level, how the presence of 
a PFM-coating allows the immobilization of a greater amount of protein than those not treated, as 
well as it promotes and accelerates the fibrillation process. Moreover, it has also been proved 
how the presence of a collagen monolayer is critical for the subsequent fibrillation process.  
With the proof of concept shown in Figure III-22, we aim to scale up to a macroscopic level the 
results obtained previously with QCM-D. We have chosen three substrates very different in nature 
to demonstrate the versatility of the hydrogel-immobilization technique: a collagen membrane, a 
PTFE membrane and a hydroxyapatite disk. The use of collagen and PTFE membranes is 
widespread in dentistry, especially in guided bone regeneration. PTFE membranes, besides of 
being used with tissue regeneration purposes constitute the worst-case scenario, as they present 
a high hydrophobicity which makes it highly effective at preventing interactions with biological 
tissues44, as it prevents both protein and cell adhesion. The hydroxyapatite disk is used as bone 
mimics.  
Thus, a porous collagen membrane (Figure III-22A), a PTFE membrane (Figure III-22B) and a 
hydroxyapatite disk (Figure III-22C) have been submitted to our surface treatment. Substrates 
have been coated with PFM by PECVD and incubated with a collagen solution to obtain a protein 
monolayer. Next a collagen-based hydrogel has been allowed to polymerize on the top of them 
and it has been successfully immobilized on their surface. As it can be seen, the polymeric coating 
allows the attachment of the hydrogel on the substrates which provides easiness of manipulation, 
as the constructs can be handled using tweezers. 
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Figure III-22. Collagen-based hydrogel attachment onto different substrates. (A) hydrogel attached onto a PFM-coated 
collagen membrane, (B) hydrogel attached onto a non-porous PFM-coated PTFE membrane, (C) hydrogel attached 
onto a PFM-coated hydroxyapatite disk.  
The biocompatibility of pp-PFM coating was a critical factor for its use in tissue engineering. As 
the hydrolysis of PFM leads to the liberation of pentafluorophenol group which has a toxic 
nature32, the effect over cell viability of the presence of a PFM coating as linking interface between 
a collagen thin film and both PTFE membranes and PDMS was evaluated using hNDFs. The 
followed procedure is summarized in Figure III-23. Briefly, the incubation of plasma-treated 
substrates (Figure III-23A) with a collagen solution induces the pp-PFM hydrolysis and 
pentafluorophenol groups are released allowing the reaction of the collagen free amines with the 
remaining ester groups forming a protein monolayer (Figure III-23B). To eliminate the excess of 
unbound collagen molecules and to minimize the presence of the toxic pentafluorophenol group 
a PBS wash was performed. Next, the self-assembling ability of collagen was leveraged and the 
synthesis of the collagen/hyaluronic acid/chondroitin sulfate thin hydrogel was performed over a 
collagen monolayer (Figure III-23C) which acts as an anchoring point for the subsequent collagen 
fibrillation, as previously reported34 and demonstrated in the present work using the QCM-D 
technique. After hydrogel thin film synthesis, cells were cultured on the top of the construct.  
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Figure III-23. Hydrogel immobilizing technology. (A) Plasma deposition of a PFM coating onto the desired substrate, (B) 
collagen immobilization (C) Formation of a collagen thin film by self-assembly using the collagen monolayer as 
anchoring points. 
Cell viability (Figure III-24A) and morphology (Figure III-24B) were assessed using 
fluorescence microscopy. The vast majority of cells remain alive after 8 days of culture and they 
present an elongated, normal fibroblastic morphology demonstrating that the use of a pp-PFM 




Figure III-24. Human Normal Dermal Fibroblasts (hNDFs) viability and morphology staining.  (A) Viability staining of 
cells seeded onto a pp-PFM-coated PTFE membrane at day 8 of culture. Living cells are stained green while dead cells 
appear red. (B) DAPI/Phalloidin staining of cells seeded onto a PFM-coated silicone wafer coated with a collagen thin 
film. Cell nuclei appear stained blue and actin filament appear stained red.  
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3.4 Concluding remarks 
 
In the present chapter, we have demonstrated how QCM-D technique enables the 
monitorization of collagen fibrillation process. It has been seen how, fiber formation is reflected in 
dissipation changes, while frequency signal remains nearly unaffected. This phenomenon may 
be caused by the highly viscoelastic nature of the collagen mesh adsorbed onto the sensor’s 
surface. As the adsorbed layer is not fully coupled to the sensor, the latter remains unaffected by 
fibrillation process. When using a PFM-coated sensor to study the fibrillation process, it can be 
seen how, in contrast with uncoated sensors, fibril formation begins right after temperature 
change. This can be related with the immobilization of higher amounts of collagen molecules 
thanks to the presence of the polymeric coating.  
Moreover, the interaction between collagen, hyaluronic acid and chondroitin sulfate has been 
analyzed. It has been observed how there is a strong interaction between positively charged 
collagen molecules and negatively charged GAGs. The interaction causes the collapse of 
collagen thin film, as water molecules are expulsed from the adsorbed layer. The interaction 
between GAGs and collagen fibrils is not that evident, as the big sized hyaluronic acid cannot 
penetrate into the previously formed collagen mesh. 
In vitro studies have shown how the composite hydrogel formulation has no toxic effect over 
cells, and the encapsulation procedure does not affect cell viability either. Finally, a proof-of-
concept of our hydrogel immobilization technology has been performed, using different substrates 
very different in nature. The viability of the linking interface has also been tested and it has been 
demonstrated how the designed immobilization protocol enables the elimination of the cytotoxic 
group pentafluorophenol and it does not affect cell viability.  
In the following chapter, we have focused on the evaluation of the cell-homing capacity of the 
hydrogel formulation as well as of its both chondrogenic and osteogenic potential. As it will be 
discussed with further detail, in osteochondral repair, scaffolding techniques are often combined 
with subchondral bone stimulation, which causes the migration of mesenchymal stem cells 
towards the defect site. Thus, we will assess the capacity of our hydrogel matrix to allow cell 
migration and colonization. Moreover, an assessment of both the chondrogenic and osteogenic 
potential is presented, as being able to provide a suitable environment for cell differentiation is 
critical to ensure the obtention of a functional osteochondral tissue.  
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Cell-homing, chondrogenic and osteogenic potential 
of the collagen-based hydrogel formulation 
In this chapter we present the evaluation of cell-homing capacity of the 
designed hydrogel formulation as well as its both chondrogenic and 
osteogenic potential. As for the cell-homing capacity, we have evaluated the 
potential of the hydrogel formulation to allow or even attract cell migration 
thinking in a cell-free version of the proposed scaffold. Thus, we have studied 
how cells colonize the hydrogel structure using different approaches and 
setups. Next, to study both chondrogenic and osteogenic potential, the 
expression of marker genes has been analyzed, and the effect of both 
hyaluronic acid and chondroitin sulfate glycosaminoglycans has been 
evaluated. The obtained results show how the hydrogel formulation can 
induce the expression of the selected marker genes, when cultured in growth 
media as well as when using both chondrogenic and osteogenic induction 
media.  
4.1 Introduction 
Cartilage and the subchondral bone should be treated as one unit when it comes to 
osteochondral regeneration as there is evidence that without the support of the subchondral bone, 
treatments of the cartilage layer are likely to fail1. As the cartilage layer and the subchondral bone 
are tightly connected, a lesion in one of the tissues will affect the homeostasis of the whole joint. 
Keeping this in mind, we have focused on developing a heterogeneous scaffold capable of 
reproducing the entire joint structure, from the subchondral bone to the cartilage layer. Thus, the 
designed hydrogel formulation must provide a suitable environment for cell proliferation and 
differentiation. In the present chapter, we focus on the assessment of both chondrogenic and 
osteogenic potential of our hydrogel formulation.  
Moreover, we have studied the potential of the designed hydrogel formulation to allow or even 
promote cell migration towards its structure. Migration studies were performed in cell-free 
scaffolds, to evaluate the cell-homing capacity intrinsic to the hydrogel matrix. The use of cell-
free scaffolds allows mimicking the scenario where a hydrogel is implanted cell-free in the defect 
site. The latter, if applied in combination with a subchondral bone stimulation technique could 
attract cells from the subchondral plate. Then, cells will colonize the hydrogel structure, and 
ideally, develop different phenotypes depending on its position through the scaffold. Those cells 
closer to the bone-like platform, where the degree of mineralization reaches its higher value would 
adopt a hypertrophic phenotype, characteristic of cartilage calcified layer. On the contrary, we 
would expect a high degree of expression of cartilaginous ECM components, such as collagen 
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type II, aggrecan and hyaluronic acid, at the rest of the hydrogel, varying its content according to 
the distance from the underlying subchondral bone.  
Thus, if the hydrogel scaffold enables cell colonization, it could be implanted cell-free, easing 
the regulatory pathway. It must be considered that those medical devices containing cells, are 
considered as Class III and are subject to strict and costly clinical trials. Thus, beginning the 
pathway towards market approval with a cell-free product seems a good strategy. 
It must be considered that cartilage is an avascular tissue, with an intrinsic low capacity for self-
repair2. Without the presence of blood supply, the set of biological processes that take place to 
repair the damaged tissue are prevented3. Moreover, the highly dense extracellular matrix of 
cartilage tissue hinders chondrocyte migration towards the defect site4. However, when defects 
reach the subchondral bone, the repair process is initiated by undifferentiated mesenchymal stem 
cells (MSCs) which migrate into the defect site. The migration of endogenous MSCs to injured 
tissues and their subsequent involvement in immunomodulation and tissue healing, are 
considered a natural self-repair response5. Thus, strategies to stimulate and enhance MSCs 
mobilization towards damaged site have aroused interest. As for cartilage repair, marrow 
stimulation is the first line of treatment. Marrow stimulation techniques imply the drilling of the 
subchondral bone plate, allowing blood and bone marrow containing MSCs to enter the defect 
site. However, this technique typically leads to fibrocartilage formation6.  
MSCs have the potential to differentiate into chondrocytic cells and produce a cartilaginous 
matrix, however, as already mentioned, in large defects they lead to fibrocartilage scar tissue7. 
The latter, contains a greater amount of collagen type I than hyaline cartilage, which leads to 
inferior mechanical properties, and does not allow withstanding the normal physical stresses 
found in articular joints6. Different approaches have been proposed to enhance marrow 
stimulation and direct the repair process towards hyaline cartilage rather than fibrocartilage. 
Scaffolding techniques have great potential and as they allow the incorporation of active agents 
that trigger signaling pathways that induce MSCs differentiation towards the desired cell 
phenotype, with the subsequent expression of specific cartilage ECM components.  
As already discussed in the previous chapter, we have incorporated both hyaluronic acid and 
chondroitin sulfate into our hydrogel formulation, as both glycosaminoglycans have been shown 
enhance chondrogenesis of mesenchymal stem cells, promoting the expression of cartilage-
specific markers. Thus, we expect that if cells are able to migrate into the hydrogel scaffold, they 
will develop a chondrocyte-like phenotype which enables the obtention of hyaline cartilage. To 
gain insight into the cell-homing potential of the hydrogel formulation, as first approach, we have 
studied cell migration through our hydrogel structure using different experimental configurations, 
as it will be described with further detail in the present chapter.  
Apart from assessing the cell-homing potential of our scaffold, in the present chapter we also 
present the evaluation of both chondrogenic and osteogenic potential of the hydrogel formulation. 
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This feature is of great importance when designing both for cell-free and cell-containing 
biomaterials. 
As previously mentioned in this chapter, it is critical to select properly the source of cells used 
for osteochondral regeneration. It is well known that adult chondrocytes possess limited capacity 
of regeneration and can undergo dedifferentiation8. Moreover, it has been demonstrated how they 
may fail on forming bone tissue in the subchondral bone region, which limits their application for 
osteochondral regeneration. Thus, to overcome the limitations of chondrocytes, mesenchymal 
stem cells have been widely studied for the development of osteochondral regeneration 
approaches. Mesenchymal stem cells are multipotent mesoderm-derived progenitor cells and can 
be isolated from different human tissues9. They can differentiate into multiple lineages including 
bone, cartilage, fat, tendon and muscle10, among others (Figure IV-1).  
Although, bone marrow mesenchymal stem cells are the most widely studied cells for both 
cartilage and bone tissue engineering, adipose-derived mesenchymal stem cells (ADMSCs) 
constitute a great alternative thanks to their availability, proliferation and easiness of extraction2.  
 
Figure IV-1. Multipotency of mesenchymal stem cells (MSCs).In the appropriate environment, MSCs can differentiate 
into multiple lineages including osteogenic, chondrogenic, adipogenic or myogenic lineages11. 
ADMSCs have been widely used in both bone and cartilage regeneration. It has been reported 
how under an osteogenic environment, ADMSCs are observed to express genes and proteins 
associated with an osteoblastic phenotype, such as alkaline phosphatase, type I collagen, 
osteopontin, osteonectin, osteocalcin among others12,13. Moreover, different studies have 
demonstrated how ADMSCs can undergo chondrogenesis under the appropriate conditions14,15. 
In addition, and in line with the work presented in this thesis, some studies report the use of 
ADMSCs for the simultaneous regeneration of hyaline cartilage and the subchondral bone. Zhang 
et al.16 reported the use of a heterogeneous scaffold containing a cartilage-like layer composed 
by a poly(L-glutamic acid) (PLGA) / chitosan (CS) amide bonded hydrogel and a bone-like 
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PLGA/CS/nHA-g-PLGA polyelectrolyte complex (PEC). Cell seeding in the cartilage-like hydrogel 
resulted in chondrogenic differentiation, while the bone-like platform allowed subchondral bone 
regeneration. Thus, a priori, ADMSCs seem a good candidate to test the ability of our scaffold to 
trigger both chondrogenic and osteogenic differentiation.  
After analyzing the cell-homing potential of our scaffold, we present a study of its both 
chondrogenic and osteogenic potential. As already mentioned, it is critical to provide a suitable 
environment for cell differentiation and the subsequent obtention of a functional tissue. Thus, we 
have selected different markers, which play different roles in the process of differentiation towards 
a chondrocytic or osteoblastic phenotypes.  
As for chondrogenesis, we will evaluate the expression of type II collagen (COL2), which is the 
major component of cartilage extracellular matrix17. Related with the latter, we have also chosen 
SOX9, as it is reported to be essential for the expression of type II collagen gene18. It has been 
shown how the expression of SOX9 overlaps largely with that of COL2, suggesting that SOX9 
controls COL2 expression19. Moreover, the expression of aggrecan (ACAN) will also be 
evaluated, as a large amount of the proteoglycan is present in the cartilage matrix, in fact, as 
already mentioned, it is the responsible of the ability of cartilage to withstand high mechanical 
loads. As for hypertrophic markers we have selected both RUNX2 and collagen type X (COL10). 
Type X collagen is specific to cartilage and it is synthesized by hypertrophic chondrocytes. It is 
thought that collagen X facilitates calcification processes and its expression is restricted to 
hypertrophic chondrocytes matrix20. RUNX2 has been found to regulate the expression of 
collagen type X and matrix calcification. It is the pivotal transcription factor for type X collagen 
expression and chondrocyte hypertrophy21.  
To study osteogenesis, we have selected alkaline phosphatase (ALP). It is a ubiquitous cellular 
protein and consequently it cannot be considered bone specific. However, it has been reported 
how it may act as an early indicator of cellular activity and differentiation. Moreover, ALP levels 
have also been shown to be upregulated in response to mechanical force application. Collagen 
type I is an important component of bone extra-cellular matrix, and it forms several connections 
with cell surface integrin and other ECM proteins. Osteonectin (OSN) or SPARC, which 
expression is closely aligned with that of fibrillar collagens such as collagen type I. In the osteoid 
(pre-mineralized bone matrix) it is thought to bin collagen and hydroxyapatite crystals, and release 
calcium ions perhaps enhancing mineralization of the collagen matrix in bones. It clearly plays a 
critical role in regulating bone remodeling and maintaining bone mass and quality22. Osterix (OSX) 
is thought to act in the regulation of numerous osteoblast genes including: osteocalcin, 
osteonectin, osteopontin, bone sialoprotein and collagen type I. Osteocalcin (OCN), known as -
carboxyglutamic acid-containing protein (BGLAP) preferentially expressed by osteoblasts, is the 
most abundant non-collagenous bone matrix protein. Thus, it is often used as late marker for 
bone formation. Osteocalcin modulates the mineral species maturation during osteogenic 
differentiation of MSCs23. The homeodomain protein dlx5 is an activator of RUNX2 and is thought 
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to be an important regulator of bone formation. DLX5 is a central regulator of bone turnover as it 
activates bone formation directly and bone resorption24. Finally, RUNX2 has a positive effect over 
osteogenesis at early stages of differentiation. It induces the expression of specific osteoblastic 
genes and upregulates osteogenic differentiation. However, it is known to inhibit the large stage 
of osteoblast maturation25.  
As it can be extracted from the description of the selected markers involved in both 
chondrogenic and osteogenic differentiation, its expression is regulated by complex processes. 
The latter are intimately bound up to signals provided by the extracellular matrix or, in our case, 
the provided scaffold. Thus, it is important to analyze the obtained results with a critical view and 
tailor the matrix design to obtain the desired cell response.  
Therefore, the main objectives of the present chapter are the study of the cell-homing capacity 
and both chondrogenic and osteogenic potential of the developed hydrogel formulation. Thus, we 
present different experimental setups to study the ability of cells to migrate through hydrogel 
structure. Moreover, we have used real time PCR to assess both chondrogenic and osteogenic 
marker expression.  
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4.2 Materials and Methods 
4.2.1 Culture of normal dermal fibroblasts 
Human normal dermal fibroblasts (hNDFs, C-12302 Promocell) were used for migration studies 
and to assess the chondrogenic potential of the hydrogel formulation. They were cultured as 
detailed in the previous chapter. Briefly, they were cultured in P100 petri dishes (20035, SPL 
Lifesciences) using DMEM (Lonza) supplemented with 10% fetal bovine serum (FBS, 
16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin (L0022, Biowest) and 2mM 
L-Glutamine (X0550-100, Biowest). Cultures were maintained in the incubator in humidified 
atmosphere at 37ºC and 5% CO2.  
4.2.2 Culture of adipose-derived mesenchymal stem cells 
For cell migration studies and in order to assess the chondrogenic potential of the designed 
hydrogel formulation, adipose-derived mesenchymal stem cells (ADMSCs, PCS-500-011, ATCC) 
were used. ADMSCs were cultured in P100 petri dishes (20035, SPL Lifesciences) at a minimum 
cell density of 5000 cells/cm2 using DMEM (H3BE12-733F, Lonza) supplemented with 10% fetal 
bovine serum (FBS, 16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin (L0022, 
Biowest), 2mM L-Glutamine (X0550-100, Biowest) and 5 ng/ml of fibroblast growth factor (FGF 
Basic, 100-18A, Peprotech). Cultures were maintained in the incubator in humidified atmosphere 
at 37ºC an 5% CO2. 
4.2.3 Culture of human bone marrow mesenchymal stem cells 
Human bone marrow mesenchymal stem cells (hBMMSCs, HMSC.BM-500, Tebubio) were 
used to evaluate cell migration using Incucyte® S3 Live-Cell Analysis System (Essen Bioscience).  
hBMMSCs were cultured in P100 petri dishes (20035, SPL Lifesciences) at a minimum cell 
density of 5000 cells/cm2 using DMEM (H3BE12-733F, Lonza) supplemented with 10% fetal 
bovine serum (FBS, 16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin (L0022, 
Biowest), 2mM L-Glutamine (X0550-100, Biowest) and 5 ng/ml of fibroblast growth factor (FGF 
Basic, 100-18A, Peprotech). Cultures were maintained in the incubator in humidified atmosphere 
at 37ºC an 5% CO2. 
4.2.4 Cell harvesting and subculture 
 
Petri dishes were washed with 4 ml of PBS (L0615-500, Biowest) and treated with 2 ml of 
Trypsin-EDTA 0,05% (25300062, Gibco - Life Technologies) for 3 minutes at 37ºC, or until cells 
started to detach from the plate. Trypsin was inactivated adding 8 ml of serum containing DMEM, 
and cells were disrupted mechanically by pipetting until individual cells were observed under 
phase microscopy. Next, cells were counted and resuspended as needed, with a minimum 
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density of 5000 cells/cm2 for mesenchymal stem cells cultures, for the next passage or for their 
encapsulation in hydrogels. 
4.2.5 3D culture technique using collagen/glycosaminoglycans composite 
hydrogel 
 
The procedure for cell encapsulation is the same as described in the previous chapter. Briefly, 
an 8 mg/ml collagen type I (Fibricol®, #5133-20ML, Advanced BioMatrix) solution (hydrogel 
gelling solution) was prepared by mixing 8 parts of Fibricol®, 1 part of PBS 10X (X0515, Biowest), 
0,75 parts of a sterile filtered 0,1M NaOH (A3910, Panreac) solution and 0,25 of cell-culture water 
(BE17-724Q, Lonza). This solution was mixed with an equal volume of cell suspension (4ꞏ106 
cells/ml) in PBS containing 0,3 mg/ml of hyaluronic acid and or chondroitin sulfate (both 
glycosaminoglycans were kindly provided by Bioiberica S.A.U), to obtain a final cell concentration 
in the hydrogel scaffold of 2ꞏ106 cells/ml. Next, 100 l of the scaffold solution was placed in a 48-
well plate (30048, SPL Lifesciences) and incubated during 45 minutes at 37ºC and 5% CO2 to 
allow the hydrogel formation. Finally, 400 l of supplemented DMEM was added. Cell culture 
medium was changed every two days. Cell cultures under chondrogenic differentiation were 
induced at day 2 of culture with chondrogenic medium: control medium (containing 5% of FBS, 
100 U/ml Penicillin / 0,1 mg/ml Streptomycin and 2mM L-Glutamine) supplemented with 10 ng/ml 
of TGF1 (GF111, Millipore), 50 g/ml of L-ascorbic acid 2-phosphate (A8960, Sigma), 1mM of 
sodium pyruvate (11360-070, Gibco), 100nM of dexamethasone (D8893, Sigma) and ITS 
supplement (10 g/ml insulin, 5,5 g/ml transferrin and 5 ng/ml of sodium selenite) (I3146, 
Sigma). Cell cultures under osteogenic differentiation were induced at day 2 of culture with 
osteogenic medium: control medium (containing 5% of FBS, 100 U/ml Penicillin / 0,1 mg/ml 
Streptomycin and 2mM L-Glutamine) supplemented with 50 g/ml of L-ascorbic acid 2-phosphate 
(A8960, Sigma), 1mM of sodium pyruvate (11360-070, Gibco), 100nM of dexamethasone 
(D8893, Sigma) and 10mM -glycerophosphate (G9422, Sigma).  
4.2.6 Analyzing the cell homing-capacity of the composite hydrogel formulation 
 
Cell-homing potential of the hydrogel formulation was studied using human Normal Dermal 
Fibroblasts (hNDFs, C-12302 Promocell), adipose-derived mesenchymal stem cells (ADMSCs, 
PCS-500-011, ATCC) and human bone marrow mesenchymal stem cells (hBMMSCs, 
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4.2.6.1 Vertical migration of human Normal dermal fibroblasts (hNDFs) through a cell-free 
composite hydrogel 
 
First, the migration capacity of hNDFs through the hydrogel structure was analyzed. To do so, 
the experimental setup depicted in Figure IV-2 was used. The hydrogel formulation is polymerized 
at the bottom of a cell culture insert (PICM01250, Millipore) placed in a 24 well-plate. The 
procedure to obtain the hydrogel has been already described in the previous chapter. Briefly, a 
collagen gelling solution of 8 mg/ml (Fibricol®, #5133-20ML, Advanced Biomatrix) was prepared 
as follows: 8 parts of a collagen solution 10mg/ml was mixed with 1 part of PBS 10X 0,75 parts 
of a NaOH solution 0,1M and 0,25 parts of cell culture H2O. Next, the gelling solution was mixed 
with an equal volume of a glycosaminoglycans solution in PBS 1X containing both high molecular 
weight hyaluronic acid and chondroitin sulfate (both kindly provided by Bioiberica, S.A.U) at a 
concentration of 0,3 mg/ml. For those hydrogels without GAGs, the gelling solution was mixed 
with an equal volume of PBS 1X. 
After about 40 minutes incubation at 37ºC and 5% CO2, once gellification has occurred, a cell 
suspension of 2ꞏ106 cells/ml in growth media, DMEM (12-733-F, Lonza) supplemented 10% fetal 
bovine serum (FBS, 16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin (L0022, 
Biowest) and 2mM L-Glutamine (X0550-100, Biowest) is placed at the top of the hydrogel and 
incubated at 37ºC and 5% CO2. Cell culture medium is changed every two days.  
 
 
Figure IV-2. Model to study hydrogel recruiting ability and cell migration through the hydrogel structure.  
Samples were analyzed under fluorescence microscope (Zeiss Axiovert 200M) and using 
confocal with multiphoton microscopy (Leica TCS SP5 MP).  
4.2.6.2 Horizontal migration of human adipose-derived mesenchymal stem cells 
(ADMSCs) towards a cell-free composite hydrogel 
 
Migration of ADMSCs will be studied in both growth medium and under chondrogenic induction. 
Both cell-seeded collagen and cell-free collagen/glycosaminoglycans hydrogels are prepared 
using a 96-well plate as mold. After an incubation of 40 minutes at 37ºC and 5% CO2, once 
hydrogels are polymerized they are placed in a 24-well plate as shown below in Figure IV-3. 
Briefly, the cell-seeded collagen hydrogel is placed at the right side of the well and the cell-free 
collagen/glycosaminoglycans hydrogel is placed at the left side of the well. Then, the well is filled 
with growth medium DMEM (12-733-F, Lonza) supplemented 10% fetal bovine serum (FBS, 
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
 119 
16SV30180.03, Cultek) 100 U/ml Penicillin / 0,1 mg/ml Streptomycin (L0022, Biowest), 2mM L-
Glutamine (X0550-100, Biowest) and 5 ng/ml of fibroblast growth factor (FGF Basic, 100-18A, 
Peprotech) and the plate is incubated at 37ºC and 5% CO2. Medium is changed every two days 
and triplicates of each type of configuration are performed.  
Chondrogenic induction is started after 2 days of culture in growth medium. Growth medium is 




Figure IV-3. Scheme of the horizontal experiment setup. 
4.2.6.3 Analyzing cell migration of human Bone Marrow Mesenchymal stem cells using 
Incucyte® system 
 
Cell migration in different configurations (Figure IV-4) was monitored using Incucyte® S3 Live-
Cell Analysis System. Briefly, an automated imaging on the 24-well plate using the whole well 
imaging feature (4X objective) was scheduled and image acquisition was performed every six 
hours for nine days.  
As shown in Figure IV-4, three different configurations were analyzed. The first configuration 
(Figure IV-4A) consists of two cell-free hydrogels, one of collagen (left) and the other of 
collagen/glycosaminoglycans (right), and a monolayer of cells in the center of the well obtained 
using a polytetrafluoroethylene (PTFE) mold. The other two approaches involve one cell-free and 
a cell-seeded hydrogel to study the cell migration from one gel to the other. In the configuration 
shown in Figure IV-4B the migration from a cell-seeded collagen/glycosaminoglycans hydrogel to 
a cell-free collagen hydrogel was evaluated. Finally, with the setup shown in Figure IV-4C, cell 
migration from a cell-seeded collagen hydrogel to a collagen/glycosaminoglycans hydrogel was 
studied.  
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To mount the different constructs, both cell-free and cell-seeded hydrogels were polymerized 
using a 96-well plate mold and placed in a 24-well plate (3526, Costar) suitable for Incucyte® S3 
Live-Cell Analysis System (Essen Bioscience). Growth medium (DMEM, Lonza) supplemented 
with 10% FBS, 1% glutamine, 1% penicillin/streptomycin and 5 ng/ml of fibroblast growth factor 
(FGF Basic, 100-18A, Peprotech) was added and replaced every two days.  
 
Figure IV-4. Experimental setup for Incucyte® assay in a 24-well plate. (A) Cell-free collagen hydrogel and cell-free 
collagen/glycosaminoglycans hydrogel with a cell monolayer at the center of the well, (B) Cell-free collagen hydrogel 
and cell-seeded collagen/glycosaminoglycans hydrogel (C) Cell-seeded collagen hydrogel and cell-free 
collagen/glycosaminoglycans hydrogel. 
4.2.7 Gene expression analysis by real time RT-PCR 
4.2.7.1 RNA extraction and purification 
 
The RNA was extracted and quantified using the RNeasy Mini Kit (74104, Qiagen). First both 
2D and 3D cultures were washed with PBS and lysed with RNA lysis buffer (Provided with the 
RNeasy Mini Kit). The constructs were disrupted by pipetting up and down with the micropipette 
or a pestle and stored -80ºC for further analysis. Next, RNA was extracted following the 
instructions provided by the manufacturer.  
4.2.7.2 cDNA synthesis by reverse transcriptase polymerase chain reaction 
 
cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (4368814, 
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4.2.7.3 Real time PCR 
 
Real-time reverse transcriptase chain reactions were performed using iQ™ SYBR® Green 
Supermix (170-8882, Bio-Rad) and the primers listed in Table IV-1 and Table IV-2 for the study 
of chondrogenic and osteogenic differentiation respectively. 
Table IV-1. Primers used for the evaluation of chondrogenic markers by qPCR: SOX9, aggrecan (ACAN), collagen type 
X (COL10), collagen type I (COL1), collagen type II (COL2), RUNX2 and ribosomal protein L22 (RPL22) as 
housekeeping gene26.  
Gene F/R Primer sequence (5' - 3') Length (bp) Tm (ºC) 
SOX9 
F CAGACGCACATCTCCCCCAA 20 62 
R GCTTCAGGTCAGCCTTGCC 19 62 
ACAN 
F TGGTGATGATCTGGCACGAG 20 64 
R CGTTTGTAGGTGGTGGCTGT 20 64 
COLX 
F CCAATGCCGAGTCAAATGGC 20 60 
R GGGGGAAGGTTTGTTGGTCT 20 60 
COL1 
F AGACGGGAGTTTCTCCTCGG 20 60 
R CGGAGGTCCACAAAGCTGAA 20 60 
COL2 
F ATGACAATCTGGCTCCCAAC 20 55 
R CTTCAGGGCAGTGTACGTGA 20 55 
RUNX2 
F GGTTCAACGATCTGAGATTTGTGGG 25 55 
R CACTGAGGCGGTCAGAGAACAAACTAG 27 55 
RPL22 
F TGACATCCGAGGTGCCTTTC 20 60 
R GTTAGCAACTACGCGCAACC 20 60 
 
Primers for the study of osteogenesis (Table IV-2) were designed using Primer Blast Software 
from National Center for Biotechnology Information (NCBI).   
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Table IV-2. Primers used for the evaluation of osteogenic markers by qPCR:Alkaline phosphatase (ALP), osteonectin 
(OSN), osterix (OSX), collagen type I (COL1), distal-less homeobox 5 (DLX5), osteocalcin (OCN), RUNX2 and 
ribosomal protein L22 (RPL22) as housekeeping gene.  
Gene F/R Primer sequence (5' - 3') Length (bp) Tm (ºC) 
ALP 
F CCGTGGCAACTCTATCTTTGG 21 60 
R GCCATACAGGATGGCAGTGA 20 60 
OSN 
F ATCTTCCCTGTACACTGGCAGTTC 24 62 
R CTCGGTGTGGGAGAGGTACC 20 62 
OSX 
F TGAGCTGGAGCGTCATGTG 19 60 
R TCGGGTAAAGCGCTTGGA 18 60 
COL1 
F AGACGGGAGTTTCTCCTCGG 20 60 
R CGGAGGTCCACAAAGCTGAA 20 60 
DLX5 
F ACCATCCGTCTCAGGAATCG 20 60 
R CCCCCGTAGGGCTGTAGTAGT 21 60 
OCN 
F CTGTATCAATGGCTGGGAGC 20 52 
R GCCTGGAGAGGAGCAGAACT 20 52 
RUNX2 
F GGTTCAACGATCTGAGATTTGTGGG 25 55 
R CACTGAGGCGGTCAGAGAACAAACTAG 27 55 
RPL22 
F TGACATCCGAGGTGCCTTTC 20 60 
R GTTAGCAACTACGCGCAACC 20 60 
 
The conditions at which real-time PCR was carried out for the chondrogenic markers are the 
following: 1 cycle of 10 minutes at 95ºC, followed by 40 cycles of 15 seconds at 94ºC for 
denaturation of the cDNA, 30 seconds at 55ºC (COL2 and RUNX2) or 60ºC (RPL22, COL1 and 
COL10) or 62ºC (SOX9) or 64ºC (ACAN) for primer annealing and 30 seconds at 72ºC for 
extension.  
For the osteogenic markers, the real-time PCR was carried out as follows: 1 cycle of 10 minutes 
at 95ºC, followed by 40 cycles of 15 seconds at 94ºC for denaturation of the cDNA, 30 seconds 
at 60ºC (ALP, OSX, COL1, DLX5 and RPL22) or 62ºC (OSN) or 55ºC (RUNX2) or 52ºC (OCN).  
Finally, for both chondrogenic and osteogenic markers melting curves were obtained from 58ºC 
to 95ºC. Relative gene-fold variations were obtained using the Ct method and the RPL22 has 
housekeeping gene. 
For all the real-time PCR analysis 3 biological replicates of each sample and 3 technique 
replicates of each biological replicate were used.  
4.2.8 Western Blot 
Western Blot was used to analyze collagen type II expression.  
Samples were lysed using RIPA buffer (20-188, Sigma), and total protein content was 
determined using a BCA Protein Assay kit (23225, Thermo Fisher). Acrylamide gels were 
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prepared at a concentration of 7,5% (w/v). Cell lysates, containing 5g of total protein, were run 
applying 150V for 90 minutes. Once the run was complete, proteins were transferred to a 
polyvinylidene (PVDF) membrane (Immobilon-P, IPVH00010, Millipore) by applying 40V during 
2h at room temperature (RT). Next, the membrane was incubated for 2 hours in blocking buffer 
(4% (w/v) non-fat powdered milk in PBST). After the blocking step, membranes were incubated 
with the primary antibodies (Table IV-3) at a final concentration of 1 g/ml in PBST. Next, 
membranes were incubated during 1 hour at RT with a secondary antibody IgG-HRP (AP160P, 
Millipore) (Table IV-4) at a final concentration of 1 mg/ml in PBST. Finally, membranes were 
revealed for HRP detection using Luminata™ Forte Western HRP (WBLUF0100, Millipore). 
Chemiluminescent images were taken in ImageQuant™ LAS 4000 mini (GE Healthcare). Images 
were analyzed using ImageQuant™ Image Analysis Software. Actin was used as internal protein 
standard.  
Table IV-3. Primary antibodies used for Western Blot.
Primary antibodies Description Molecular Weight Reference Brand 
Actin 
Mouse monoclonal 
to Actin C4 
43 kDa MAB1501 Millipore 
Collagen 2A1 
Mouse monoclonal 
to Collagen II 
140 kDa Ab3092 Abcam 
 
Table IV-4. Horseradish peroxidase (HRP) conjugated secondary antibody used for Western Blot.
Secondary antibodies Reference Brand 
Rabbit anti-Mouse AP160P Millipore 
 
4.2.9 Mineralization assessment  
4.2.9.1 Alizarin red staining 
 
Cell cultures are fixated with 4% p-formaldehyde during 30 minutes at 4ºC. After fixation, 
cultures are covered with 1mg/ml alizarin red (A5533, Sigma-Aldrich) solution in milliQ water and 
incubated during 5 minutes at room temperature. After several milliQ water washes and a last 
ethanol wash, samples are observed under optical microscope (Nikon Eclipse TE2000-U) and 
under zoom stereomicroscope (Nikon SMZ800). 
4.2.9.2 Von Kossa staining 
Cell cultures were washed with PBS and fixed with p-formaldehyde 1% during 1 hour at room 
temperature. Next, cultures were washed several times with milliQ water to remove phosphate 
ions from PBS and prevent their precipitation with silver nitrate solution. Then, samples were 
incubated with a freshly prepared 5% (w/v) silver nitrate (209139, Sigma-Aldrich) solution in milliQ 
H2O for 1 hour in the dark at room temperature. After incubation, samples are placed under a 
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strong source of light for 10 minutes to stimulate the reaction. Finally, samples are observed under 
zoom stereomicroscope (Nikon SMZ800).  
4.2.10 Mechanical characterization of cell seeded hydrogels 
 
Constructs were fixed with 4% paraformaldehyde (w/v) in PBS during 1 hour at room 
temperature. A compression assay using DMA Multi frequency strain mode and a frequency 
sweep test was carried out with a DMA Q800 (TA Instruments). The thickness and diameter of 
each construct was determined before each measurement. The conditions of the assay are listed 
below in Table IV-5.  
Table IV-5. DMA analysis conditions
Condition Value 
Amplitude (m) 10 
Preload (N) 0,03 
Frequency (Hz) 1 
 
The results were analyzed with TA Universal analysis software.  
4.2.11 Statistics 
 
Values are expressed as mean ± SD. For samples prepared in triplicate, statistical differences 
were analyzed with GraphPad Prism 6. For the comparison of two groups, the student’s unpaired 
t test was used, while for the comparison of three or more groups the statistical analysis was 
performed by 1-way or 2-way ANOVA. 
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4.3 Results and discussion 
 
As already mentioned, to achieve tissue regeneration, it is critical to provide an environment 
that allows cell colonization and that supplies the appropriate signaling to trigger cell 
differentiation processes. Thus, in the following lines, we present a study of the cell-homing 
capacity of our hydrogel formulation, as well as an assessment of its both chondrogenic and 
osteogenic potential.  
4.3.1 Cell-homing potential of the hydrogel formulation 
 
First, we have performed a study of the cell-homing potential of the designed hydrogel 
formulation. To do so, we have designed two experimental setups, which are described and 
analyzed in detail below. Briefly, we have studied cell migration process using both a vertical and 
a horizontal setup. With the vertical setup we demonstrate how cells can penetrate trough the 
hydrogel network, and with the horizontal setup we confirm the obtained results eliminating the 
gravity effect, which could favor the process.  
4.3.1.1 Vertical migration of human normal dermal fibroblasts (hNDFs) through a collagen 
/ glycosaminoglycans hydrogel 
 
First, we have evaluated cell migration through the hydrogel structure using a vertical approach. 
To do so, cells were seeded on the top of a previously polymerized hydrogel and allowed to 
proliferate and migrate during 11 days in growth medium. To perform this experiment, we have 
used human-normal dermal fibroblasts (hNDFs) and as mentioned, cultures have been 
maintained in growth medium, to avoid the interference of differentiation processes which would 
add complexity to result analysis. Migration process has been studied in both collagen and 
collagen/glycosaminoglycans hydrogels. Thus, the effect of the presence of hyaluronic acid and 
chondroitin sulfate in the hydrogel formulation has been analyzed. 
The progress of cell migration was evaluated by dapi/phalloidin staining and observed under 
fluorescence microscopy analysis (Figure IV-5). Collagen hydrogels were stained after 4 (Figure 
IV-5A) and after 11 (Figure IV-5C) days of culture, as well as collagen / glycosaminoglycans 
hydrogels which were also stained after 4 (Figure IV-5B) and 11 (Figure IV-5D) days of culture. 
Dapi/phalloidin staining of the hydrogels (Figure IV-5) revealed that the 
collagen/glycosaminoglycans hydrogel presented a higher number of cells than the collagen 
hydrogel both at day 1 (Figure IV-5B) and day 11 (Figure IV-5D), being the initial cell density the 
same for both formulations. Moreover, it can be seen how cells are aligned at day 11 when 
cultured in the collagen/glycosaminoglycan composite hydrogel. Thus, it can be hypothesized 
that the addition of glycosaminoglycans into the hydrogel formulation has effect over cell behavior.  





Figure IV-5. Dapi/phalloidin staining of hNDFs cultures. (A) Collagen hydrogel after 4 days of culture, (B) Collagen / 
glycosaminoglycans composite hydrogel after 4 days of culture (C) Collagen hydrogel after 11 days of culture (D) 
Collagen / glycosaminoglycans composite hydrogel after 11 days of culture. (Cell nuclei appear stained blue while actin 
filaments appear stained red).  
To gain further insight into the migration process, confocal microscopy with multiphoton (MP) 
was used. Second harmonic generation (SHG) enables the visualization of collagen fibers, which 
have been green-colored using imaging software. As it will be discussed, SHG signal differs 
depending on collagen fibers organization. Again, collagen and collagen/glycosaminoglycans 
composite hydrogels have been analyzed and differences observed between the two formulations 
have been studied. Following the same procedure than in the previous experiment, hydrogel 
formulations were stained with dapi/phalloidin at day 1 and day 11 of culture to evaluate the 
progression of the cell migration process.  
Next, in Figure IV-6 the results obtained for collagen hydrogels are shown. The images shown 
are montages of slices taken at different heights of the hydrogel. Again, as it has been observed 
in Figure IV-5A, we observe a little number of cells at day 1 (Figure IV-6A) of culture. After 11 
days (Figure IV-6B), cell number seems to have increased, and it can be clearly appreciated how 
collagen fibers have rearranged forming a characteristic defined pattern.  
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Figure IV-6. Confocal and multiphoton microscopy images of DAPI/Phalloidin staining for collagen hydrogels: (A) 1 day 
of culture and, (B) 11 days of culture. Collagen fibers appear green-colored after image processing as result of second 
harmonic generation imaging. Cell nuclei appear stained blue while actin filaments appear stained red.  
Figure IV-7 shows the obtained results for the hydrogels containing both collagen and 
glycosaminoglycans. As it can be seen, at day 1 of culture (Figure IV-7A), cells are concentrated 
on the top of the hydrogel and as we move towards the bottom of the hydrogel we can see the 
collagen fibers. What points out, is the higher number of cells observed for this formulation in 
comparison with collagen hydrogels, which agrees with the results shown previously in Figure 
IV-5. At day 11 (Figure IV-7B) cells are spread throughout the entire hydrogel structure. After 
polymerization, those hydrogels containing glycosaminoglycans are more compact, probably as 
a result of a higher crosslinking due to the interaction between collagen and glycosaminoglycans. 
Moreover, because of their highly negative charge and repulsion forces, glycosaminoglycans 
occupy a large volume into the collagen mesh conferring the hydrogel with high resistance to 
compression. Thus, when cells are placed on the top of the hydrogel they remain at this position 
at the initial culture stages. However, as collagen hydrogels are less compacted we hypothesize 
that once cells are placed on the top of their structure they diffuse by gravity effect through the 
scaffold, and that is why for collagen hydrogels we observe less cells on the hydrogel surface at 
day 1 of culture (Figure IV-5A and Figure IV-6A).  
Moreover, collagen fiber organization at day 11 has a different appearance in comparison 
with collagen hydrogels. Again, collagen fiber degree of organization increases from day 1 to day 
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11, but here instead of creating the characteristic pattern observed previously in Figure IV-6B, 
collagen fibers appear to be parallel between them.  
 
 
Figure IV-7. Confocal and multiphoton microscopy images of DAPI/Phalloidin staining for collagen / 
glycosaminoglycans composite hydrogel: (A) 1 day of culture and, (B) 11 days of culture. Collagen fibers appear green-
colored after image processing as result of second harmonic generation imaging. Cell nuclei appear stained blue while 
actin filaments appear stained red.  
Thus, using the vertical experimental setup we have demonstrated how hydrogel colonization 
does occur, and it is not prevented by the intricate hydrogel network. However, as already 
mentioned, this setup is subject to gravity effect which it is likely to favor the migration process. 
Therefore, we have also analyzed cell-homing potential using a horizontal conformation as it is 
discussed in detail next.   
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4.3.1.2 Horizontal migration of human adipose-derived mesenchymal stem cells 
(ADMSCs) towards a cell-free collagen / glycosaminoglycans hydrogel 
 
As already mentioned, it must be noticed that with the vertical setup presented previously, cells 
are subject to gravity effect which can favor the migration process. Thus, to eliminate the effect 
of gravity, a horizontal approach was designed. Briefly, a cell-seeded collagen hydrogel was 
placed at the right side of a 24-well plate and a collagen/glycosaminoglycans hydrogel at the left 
side (Figure IV-3). Cell migration from the collagen hydrogel towards the 
collagen/glycosaminoglycans hydrogel was monitored over time using optical microscopy. The 
assay was performed using adipose-derived mesenchymal stem cells (ADMSCs) and in both 
growth and chondrogenic medium. The latter contains biochemical cues that trigger ADMSCs 
chondrogenic differentiation process. Thus, by comparing the process under the two different cell 
culture media we are able to not only monitor migration process but also to evaluate 
morphological changes that cells undergo when are under chondrogenesis process.  
Figure IV-8 shows how after 16 days of culture in both growth and chondrogenic medium cells 
have reached the left side of the well, and the colonization of the glycosaminoglycan-containing 
cell-free hydrogel has begun. The sample cultured in growth medium presents a high degree of 
confluence (100%) at the center of the plate and cells present a fibroblast-like elongated 
morphology (Figure IV-8A-B). The dapi/phalloidin staining of the hydrogel reveals how it has been 
colonized (Figure IV-8D). Cells appear at distinct focal planes, revealing that they have spread 
through the three-dimensional environment provided by the scaffold. Inside the hydrogel they also 
present a fibroblastic elongated shape. For those samples cultured in chondrogenic medium 
(Figure IV-8E-H), with first points out is that at the center of the plate cells present more rounded 
shape, and they have started to form clusters, meaning that they are under differentiation (Figure 
IV-8E-F). As it occurred with the samples cultured in growth medium, the dapi/phalloidin staining 
of the hydrogels (Figure IV-8G-H) show how cells have entered the hydrogel structure. As in the 
center of the plate, they shape is more rounded in consequence of the differentiation process. It 
is known that during embryonic development of cartilage, mesenchymal progenitor cells assume 
a rounded morphology and start to form aggregates27, and this phenomenon can be reproduced 
in vitro under the appropriate signaling28.  




Figure IV-8. Phase contrast images and DAPI/Phalloidin staining of cultures at day 16 both in growth and chondrogenic 
media.  
Therefore, with this horizontal setup we have confirmed how cells are able to colonize a cell-
free collagen/glycosaminoglycans hydrogel. Moreover, we have captured morphological changes 
of cells under chondrogenic induction. Their behavior is similar to that observed during embryonic 
cartilage development, as they start to form aggregates, which are thought to play a critical role 
to allow the creation of the proper microenvironment which initiates chondrogenesis28. 
Finally, we have reproduced the previous experiment using Incucyte® S3 Live Cell Analysis 
System, which allows the automatic acquisition of images over time and the creation of time-lapse 
sequences that give a better understanding of cell motion. The experimental setups analyzed with 
Incucyte® have already been described in the materials and methods section. The valuable 
results are in form of movie and they can be accessed through the link.  
After having demonstrated the ability of cells to colonize the hydrogel matrix both in a vertical 
and horizontal conformation, we proceed with the assessment of both chondrogenic and 
osteogenic potential of the hydrogel formulation which is critical to obtain a desired cell behavior 
to induce tissue repair and regeneration. As already mentioned, cartilage and the subchondral 
bone should be treated as one unit to achieve complete articular regeneration. Thus, we aim to 
induce different cell behavior depending on its position through the scaffold. Those cells closer to 
the bioceramic platform should present an osteoblast-like or a hypertrophic phenotype while those 
cells closer to the hydrogel surface a chondrocyte-like phenotype. Therefore, it is critical to obtain 
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a control over both differentiation processes through matrix tailoring to provide the appropriate 
signaling that induces the desired cell response. Chondrogenic potential will be assessed in both 
human normal dermal fibroblasts (hNDFs), based on previous studies29, and adipose-derived 
mesenchymal stem cells (ADMSCs). Osteogenic potential is evaluated solely for ADMSCs based 
on their easiness to undergo differentiation.  
4.3.2 Assessment of the chondrogenic potential of the hydrogel formulation over 
human normal dermal fibroblasts 
 
As said before, both chondrogenic and osteogenic differentiation processes are critical to the 
optimal performance of our osteochondral scaffold, thus, once we have demonstrated how cells 
migrate and colonize the hydrogel scaffold, we proceed with the evaluation of the chondrogenic 
potential of the hydrogel formulation. As first approach and based on previous research29, we 
studied the expression pattern of different chondrogenic markers for human normal dermal 
fibroblasts (hNDFS) both at protein and gene level. Dermal fibroblasts have gained interest for 
tissue engineering applications as they present easiness of extraction and several reports have 
shown their capacity to differentiate into other lineages such as osteogenic30,31,32,33 
adipogenic30,32,33 and chondrogenic30,32,34–36 under induction medium.  
First, we studied the expression of collagen type II (COL2), a specific chondrogenic marker, at 
the protein level by western blot analysis (Figure IV-9). The expression was evaluated in both 
collagen hydrogels (COL) and collagen/hyaluronic acid/chondroitin sulfate (COL/GAGs) 
hydrogels cultured in growth and chondrogenic medium for 50 days. As mentioned before, 
chondrogenic medium contains biochemical cues that induce cell differentiation towards a 
chondrogenic phenotype. As it can be seen, the presence of collagen type II was detected 
(140kDa) for both formulations when cultured under induction medium. However, the protein was 
not detected for hydrogels cultured in growth medium. Thus, the presence of hyaluronic acid and 
chondroitin sulfate is not enough to induce collagen type II expression in hNDFs.  
 
 
Figure IV-9. Collagen type II expression analysis by western blot after 50 days of culture. Actin expression was used as 
an internal control. Samples were prepared in triplicate. 
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
132 
As for gene expression, different chondrogenic and hypertrophic markers were analyzed by 
RT-PCR for hNDFs cultured in both collagen and collagen/hyaluronic acid/chondroitin sulfate 
hydrogels and in monolayer (2D cultures).  
Figure IV-10 shows the expression of the studied genes after 2 and 3 weeks of culture relative 
to ribosomal protein L22 (RPL22) for three-dimensional cultures, cultured both in growth and 
chondrogenic medium. From these results, we can analyze if there is expression of the selected 
markers, as well as determine its peak of expression over the studied time points comparing both 
types of formulations and cell culture media. First, Table IV-6 summarizes the observed peak of 
expression of the analyzed genes.  
Table IV-6. Peak of expression of chondrogenic genes of hNDFs for both collagen and collagen/glycosaminoglycans 
hydrogel formulations cultured in both growth and chondrogenic medium. 
Gene Growth medium Chondrogenic medium 
 Collagen Collagen / GAGs Collagen Collagen / GAGs 
COL1 Sustained Sustained Sustained Day 30 
ACAN No expression No expression Day 30 Day 30 
SOX9 Day 30 Day 30 Day 15 Day 30 
COL2 Sustained Day 15 Sustained Sustained 
COL10 Sustained Sustained Sustained Day 30 
RUNX2 Sustained Sustained Sustained Sustained 
 
It can be seen how the expression of collagen type I is sustained for both hydrogel formulations 
when cultured in growth medium, and for collagen hydrogels when cultured in chondrogenic 
conditions. Moreover, its expression is higher under chondrogenic conditions for almost all types 
of sample. However, for the hydrogels containing glycosaminoglycans and cultured in 
chondrogenic medium it is interesting to see how the expression of COL1 presents a peak at day 
30, and that at day 15 its expression is around 10 times inferior to that observed for growth 
medium. Collagen type I is present in a great amount in fibrocartilage. Thus, it can be 
hypothesized that the presence of hyaluronic acid and chondroitin sulfate somehow helps to 
maintain low levels of collagen type I, reducing the amount of fibrocartilage.  
Aggrecan, which is one of the main constituents of cartilage ECM together with collagen type 
II, is only expressed at day 30 for those samples cultured in chondrogenic medium, and there is 
no statistically significant difference between the two hydrogel formulations. Thus, we can 
conclude that the presence of glycosaminoglycans alone is not enough to trigger its synthesis. 
However, as hNDFs have been used for this analysis, and they must undergo a 
transdifferentiation process, it is possible that longer culture times are required to appreciate its 
expression. 
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As for SOX9, which is known to be a regulator of collagen type II synthesis and to be involved 
in early stages of the differentiation process, it can be seen how for those samples cultured in 
growth medium it is only observed at after 30 days of culture. When samples are cultured in 
growth media, a peak of expression at day 15 can be observed for collagen hydrogels, while for 
those hydrogels containing glycosaminoglycans its expression is only detected at day 30. The 
higher expression of the gene at day 15 for collagen hydrogels, agrees with the fact that SOX9 is 
an early marker of MSCs differentiation. Thus, we hypothesize that if hyaluronic acid and 
chondroitin sulfate present a positive effect over the differentiation process it is possible that we 
have missed its peak of expression, which could be before 15 days of culture.  
Analyzing collagen type II expression, it can be seen how for those samples cultured in growth 
medium, there is a peak of expression for those hydrogels containing glycosaminoglycans at day 
15, which supports the hypothesis presented for SOX9. If SOX9 regulates COL2 expression and 
the latter is detected, it can be assumed that SOX9 should have been expressed at a certain time 
point earlier than day 15. For those samples cultured in chondrogenic medium, we can see how 
COL2 expression is sustained for both collagen and collagen/glycosaminoglycans hydrogels, and 
that there is no statistically significant difference between the two hydrogel formulations.  
As for hypertrophic markers, it can be seen how collagen type X expression is sustained for 
those samples cultured in growth medium. For those samples cultured in chondrogenic medium 
the expression of the hypertrophic marker is one order of magnitude superior, which agrees with 
the fact that chondrogenic induction fastens the differentiation process and subsequently the 
system reaches a hypertrophic state early. However, it can be appreciated how for those 
hydrogels containing glycosaminoglycans cultured in chondrogenic medium, the expression of 
COL10 at day 15 is of the same order of those cultured in growth medium. Thus, the presence of 
both hyaluronic acid and chondroitin sulfate has an effect over COL10 expression. The latter must 
be further analyzed using, for instance, histologic studies to assess the quality of the obtained 
tissue and to confirm whether or not the presence of GAGs helps on obtaining healthier 
constructs.  
Finally, the expression of RUNX2, which is a strong regulator of the expression of type X 
collagen, is sustained for both culture media and formulations. However, for those hydrogels 
containing glycosaminoglycans and cultured in chondrogenic medium, its expression is slightly 
lower than for those hydrogels made of collagen only.  
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Figure IV-10. Expression kinetics of the analyzed genes: Gene expression in hNDFs cultured for 2 and 3 weeks in both 
(A) growth and (B) chondrogenic medium in collagen (COL) and collagen/hyaluronic acid/ chondroitin sulfate 
(COL/GAGs) hydrogels. Ct values relative to ribosomal protein L22 (RPL22) are represented. (Statistical differences are 
indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
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Thus, we have demonstrated how there is expression of the selected chondrogenic and 
hypertrophic markers, and how it varies along time and depending on the hydrogel formulation. 
However, it must be pointed out that to achieve a higher degree of understanding of the kinetics 
of the differentiation process in our hydrogel formulation, more time points should be analyzed.  
Next, in order to evaluate the effect of the presence of glycosaminoglycans in the hydrogel 
formulation, we have normalized gene expression relative to collagen hydrogels (Figure IV-11).  
It can be seen how the expression of collagen type I (COL1) is strongly downregulated for those 
hydrogels containing glycosaminoglycans cultured in chondrogenic medium at day 15. Moreover, 
under any circumstances the expression was upregulated for hydrogel formulations containing 
hyaluronic and chondroitin sulfate. Thus, as already mentioned it can be hypothesized that 
glycosaminoglycans may help to reduce the amount of fibrocartilage obtained. This effect, if 
combined with a higher collagen type II expression, could lead to an obtention of a healthier 
tissue.   
Aggrecan synthesis appears to be downregulated for those hydrogels containing 
glycosaminoglycans. However, as observed previously in Figure IV-10, there is no statistically 
significant difference between the two studied formulations, and the detected levels of expression 
are low. Again, this leads to hypothesize that longer culture times may be required to achieve a 
high degree of expression of cartilage-specific markers for hNDFs. Collagen type II, the other 
main constituent of cartilage ECM together with aggrecan, is upregulated for those samples 
containing glycosaminoglycans cultured in growth medium after 15 days. However, it appears to 
be downregulated with respect to collagen hydrogels at late time points and in chondrogenic 
medium. The fact that COL2 expression is upregulated in growth medium in the presence of 
hyaluronic acid and chondroitin sulfate at the earlier time point studied may suggest that 
glycosaminoglycans present a positive effect over its expression. By analyzing more time points, 
we could discuss with more criteria the effect of GAGs in the formulation and determine if the 
downregulation observed when samples are cultured in chondrogenic medium is due to a later 
expression for collagen hydrogels, and to the fact that we are missing the peak of expression for 
hydrogels containing GAGs when cultured under chondrogenic induction.  
What is more interesting, is the fact that the expression of hypertrophic markers (COL10 and 
RUNX2) is downregulated for hydrogels containing hyaluronic acid and chondroitin sulfate at both 
day 15 and day 30 of culture, except for those hydrogels cultured in growth medium at day 15. 
Thus, it can be hypothesized that the presence of glycosaminoglycans in the hydrogel formulation 
reduces the expression of hypertrophic markers.  




Figure IV-11. Chondrogenic gene expression in human normal dermal fibroblasts (hNDFs) cultured for 15 and 30 days 
in both growth and chondrogenic medium in collagen/hyaluronic acid/chondroitin sulfate hydrogels. Ct values relative to 
ribosomal protein L22 (RPL22) were obtained and represented as fold increase (Ct) relative to collagen hydrogel 
cultures. (Statistical differences are indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, 
n=3).  
After having studied the expression of both chondrogenic and hypertrophic markers, we 
considered appropriate analyzing whether hydrogel matrices were mineralized after being 
cultured in both growth and chondrogenic medium. It must be noticed that mineralization is an 
undesired effect when trying to obtain engineered hyaline cartilage, as it is an indicator of final 
stages of hypertrophy. Thus, ideally, mineralization should be avoided to obtain a healthy 
functional cartilage tissue.  
Next, Figure IV-12 shows the result of a von Kossa staining of collagen (COL) and 
collagen/hyaluronic acid/chondroitin sulfate (COL/GAGs) hydrogels cultured for 21 (Figure 
IV-12A) and 50 (Figure IV-12B) days in both growth and chondrogenic medium. As it can be seen, 
at day 21 there is no sign of mineralization (mineral deposits appear black after the staining) for 
both hydrogel formulations and both culture media. At day 50, after the staining hydrogels show 
a darker color, which can be attributed to a weak positive von Kossa staining. The obtained results 
are promising, as they do not show a strong mineralization of the matrix. However, in order to 
gain a deeper insight into matrix mineralization histologic studies should be performed.  
Moreover, we can relate mineralization with the expression of both RUNX2 and collagen type 
X, studied previously with RT-PCR. RUNX2 is known to be a driver of the expression of terminal 
differentiation markers37, such as type X collagen, which is synthesized in areas composed of 
hypertrophic and degenerative chondrocytes that are associated with increased vascularity and 
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matrix mineralization20. Expression of both genes was detected by RT-PCR, however the weak 
von kossa staining observed after 50 days of culture may lead to think that both gene levels are 
not high enough to cause a high degree of matrix mineralization.  
 
 
Figure IV-12. Von Kossa staining of hydrogel cultures seeded with hNDFs cultured for (A) 21 days and (B) 50 days in 
both growth and chondrogenic medium. 
Finally, following with the study of the expression cartilage-related genes by hNDFs we 
evaluated changes in mechanical properties depending on culture time and culture media. To do 
so, a compression assay was performed with DMA, and the obtained results are shown in Figure 
IV-13. As it can be seen, compressive storage modulus (G’, kPa) is higher when samples are 
cultured in chondrogenic medium at both time points. After 30 days of culture, G’ has increased 
two orders of magnitude as a result of the compaction and the stiffening of the hydrogel matrix, 
caused by the interaction with cells. Although it is difficult to make comparisons in terms of storage 
modulus, as it is highly dependent on measurements conditions, after 30 days of culture in 
chondrogenic medium our hydrogel scaffold has reached values near those previously reported. 
Different studies have measured cartilage mechanical properties under different conditions, and 
it has been reported that the Young’s modulus of articular cartilage, measured under unconfined 
compression is of the order of 0,5MPa38.  





Figure IV-13. DMA analysis of collagen (COL) and collagen/glycosaminoglycans (COL/GAGs) seeded with human 
normal dermal fibroblasts (hNDFs) at (A) day 15 and (B) day 30 of culture in both growth and chondrogenic medium. 
(Statistical differences are indicated as * for p<0.05, ** for p<0.01, and *** for p<0.001, t test, n=3). 
4.3.3 Assessment of the chondrogenic potential of the hydrogel formulation over 
adipose-derived mesenchymal stem cells 
 
After the assessment of the chondrogenic gene expression by human normal dermal 
fibroblasts, we studied the expression of chondrogenic marker genes in adipose-derived 
mesenchymal stem cells, as their differentiation process is faster and widely described.  
Again, we have evaluated the expression of both chondrogenic and hypertrophic genes by real 
time RT-PCR in both growth and chondrogenic medium and for the two studied formulations. 
Figure IV-14 shows the expression of the studied genes after 1, 2 and 4 weeks of culture relative 
to ribosomal protein L22 (RPL22) for three-dimensional cultures, cultured both in growth and 
chondrogenic medium. From these results, we can analyze the expression of the selected 
markers, as well as determine its peak of expression over the studied time points comparing both 
types of formulations and cell culture media. First, Table IV-7 summarizes the observed peak of 
expression for the analyzed genes. As it can be seen, the analysis for collagen type II is not 
presented, as gene expression appeared at high number of PCR cycles, and thus we do not 
consider the obtained results reliable.  
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Table IV-7. Peak of expression of chondrogenic genes for both collagen and collagen/glycosaminoglycans hydrogel 
formulations cultured in both growth and chondrogenic medium. 
Gene Growth medium Chondrogenic medium 
 Collagen Collagen / GAGs Collagen Collagen / GAGs 
COL1 day 27 day 27 day 27 sustained 
ACAN day 27 day 27 day 14 day 14 
SOX9 sustained sustained sustained sustained 
COL10 day 27 sustained sustained day 27 
RUNX2 +/- day 27 day 7 sustained sustained 
 
First, for collagen type I we observe its peak of expression at day 21 for all conditions, except for 
those hydrogels containing glycosaminoglycans and cultured in chondrogenic medium, for which 
the expression is sustained along time. As it can be seen in Figure IV-14, the expression is 
significantly higher, around two times, for those hydrogels cultured in chondrogenic medium, and 
there are no statistically significant differences between the two formulations.  
Aggrecan presents its peak of expression at day 27 for those samples cultured in growth 
medium and at day 14 for those cultured in chondrogenic medium, reaching also higher levels of 
expression under induction. The latter demonstrates how a chondro-inductive environment 
accelerates the differentiation process providing the appropriate biochemical cues required to 
trigger chondrogenesis. Moreover, its expression is slightly higher for those hydrogels containing 
glycosaminoglycans.  
As for SOX9, as there is no statistically significant difference between the different time points 
analyzed, strictly it must be said that its expression is sustained along time. However, it seems 
that its expression is higher at day 7 of culture for all the studied conditions, which agrees with 
the fact that it constitutes an early regulator of the chondrogenic differentiation process.  
Finally, analyzing hypertrophic marker expression, it can be seen how for collagen type X we 
observe a peak of expression at day 27 for collagen hydrogels cultured in growth medium and for 
hydrogels containing glycosaminoglycans cultured in chondrogenic medium. This agrees with the 
fact that hypertrophy occurs at late stages of chondrogenesis. For hydrogels containing 
glycosaminoglycans cultured in growth medium and for collagen hydrogels cultured in 
chondrogenic medium, COL10 expression is sustained along time, and it can be seen how its 
expression is lower for those hydrogels containing GAGs and cultured in growth medium. Thus, 
collagen type X expression indicates that chondrogenesis is taking place, as its presence is 
restricted to chondrocyte ECM. It could be considered adding more signaling factors apart from 
GAGs to the hydrogel matrix, that enhance chondrogenic marker expression in growth medium 
while maintaining low levels of hypertrophy.  
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As for RUNX2, its expression is sustained for all the studied conditions except for those 
hydrogels containing GAGs cultured in growth medium, for which a peak of expression can be 
observed at day 7. This agrees with the sustained expression of COL10 for this type of formulation 
when maintained in growth medium. As RUNX2 is a regulator of collagen type X expression, its 
early expression at day 7 may cause a sustained expression of COL10.  
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Figure IV-14. Expression kinetics of the analyzed genes: Gene expression in ADMSCs cultured for 1, 2 and 3 weeks in 
both (A) growth and (B) chondrogenic medium in collagen (COL) and collagen/hyaluronic acid/ chondroitin sulfate 
(COL/GAGs) hydrogels. Ct values relative to ribosomal protein L22 (RPL22) are represented. (Statistical differences are 
indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
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Next, we present the results of expression normalized to collagen hydrogels (Figure IV-15), to 
gain a deeper insight in the effect of the presence of both hyaluronic acid and chondroitin sulfate 
in the hydrogel formulation.  
It can be seen how the expression of collagen type I is overexpressed in hydrogels containing 
glycosaminoglycans in both growth and chondrogenic medium, except after 27 days of culture. 
Thus, this provides evidence that for ADMSCs the presence of GAGs is not enough to restrain 
fibrocartilage formation. The addition of extra signaling biochemical cues could be considered to 
try to avoid this undesired effect.  
Interestingly, aggrecan expression is upregulated for those hydrogels containing 
glycosaminoglycans, and its effect is more evident for those samples maintained in growth 
medium. The fact that aggrecan expression is downregulated at day 27 for those samples 
cultured in growth medium can be attributed at the fact that for collagen hydrogels the 
differentiation process takes place slowly, and the expression of aggrecan at late points for this 
type of matrix is higher.  
SOX9 appears to be upregulated after 7 days of culture, again, it can be attributed to the fact 
that it is an early marker of the chondrogenic process. The downregulation observed at later time 
points can be due to the same reason than aggrecan, as the differentiation process in collagen 
matrices is slower, it can be expected that the expression of the gene is higher at late culture 
times.  
As for hypertrophic markers, it is interesting that COL10 is downregulated for those samples 
cultured in chondrogenic medium at both day 7 and day 14. As stated for the results obtained 
using hNDFs, a further analysis using histologic techniques should be conducted in order to 
assess the quality of the obtained tissue.  
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Figure IV-15. qPCR results for chondrogenic markers. Gene expression in ADMSCs cultured for 1, 2 and 3 weeks in 
both growth and chondrogenic medium in collagen/hyaluronic acid/ chondroitin sulfate hydrogels. Ct values relative to 
ribosomal protein L22 (RPL22) are represented relative to collagen hydrogel cultures. (Statistical differences are 
indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
So far, we have demonstrated how the hydrogel formulations not only allow cell migration and 
colonization, but also allow the expression of chondrogenic markers when cultured under 
chondrogenic induction, and for some genes, the expression levels reached are significant even 
when no chemical signaling is added to the culture medium. Therefore, in the following lines we 
will focus on the study of the osteogenic potential of the hydrogel formulations, the effect of using 
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4.3.4 Assessment of the osteogenic potential of the hydrogel formulation over 
adipose-derived mesenchymal stem cells 
 
As already mentioned, in order to achieve a complete regeneration of the osteochondral unit it 
is critical to enable subchondral bone repair, as well as to promote the creation of a hypertrophic 
calcified cartilage layer. Therefore, we present a study of the osteogenic potential of the designed 
hydrogel formulation. From the obtained results, we tailor the hydrogel matrix composition in order 
to create a signaling gradient and induce a certain cell response depending on cell position 
through the hydrogel structure. 
First, to evaluate the effect of the osteogenic medium over ADMSC’s, we studied the presence 
of calcium deposits after 21 days of culture in monolayer cultures maintained in both growth and 
osteogenic medium. To do so, we performed an alizarin red staining (Figure IV-16). As it can be 
seen, when cells are cultured in osteogenic medium (Figure IV-16B), the presence of calcium 
deposits can be clearly appreciated as reddish spots, while in those cultures maintained in growth 
medium (Figure IV-16A) mineralization does not occur.  
 
Figure IV-16. Alizarin red staining of a monolayer adipose-derived mesenchymal stem cells in: (A) growth medium and 
(B) osteogenic medium after 21 days of culture. (Calcium deposits appear stained red). 
Next, an alizarin red staining of 3D cultures in both collagen and collagen/glycosaminoglycans 
hydrogels and both growth and osteogenic medium was performed (Figure IV-17). As it can be 
appreciated, both samples cultured in osteogenic medium presented an intense reddish color and 
calcifications can be clearly appreciated. 




Figure IV-17. Alizarin red staining of an ADMSCs cultures in collagen and collagen / glycosaminoglycans hydrogels 
cultured in both growth and osteogenic medium at day 21 of culture. (Calcium deposits appear stained red). 
The obtained results show how under an osteogenic environment matrix mineralization takes 
place while when samples are maintained under growth conditions the phenomenon does not 
occur, as it happened for hNDFs cultures. The fact that we are able to avoid mineralization under 
growth conditions, enables us to trigger the process only when it is desired. Thus, by using the 
appropriate signaling we can either trigger or avoid osteogenesis process.  
Thus, after having demonstrated that the osteogenic medium is able to induce mineralization, 
we proceed with the analysis of different osteogenic markers by real time RT-PCR. Figure IV-18 
and Figure IV-19 show the expression of the studied genes after 1, 2 and 3 weeks of culture 
relative to ribosomal protein L22 (RPL22) for three-dimensional cultures, cultured both in growth 
and osteogenic medium. From these results, we can analyze if there is expression or not of the 
selected markers, as well as determine its peak of expression over the studied time points 
comparing both types of formulations and cell culture media. First, Table IV-8 summarizes the 
observed peak of expression for the analyzed genes.  
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Table IV-8. Peak of expression of osteogenic genes for both collagen and collagen/glycosaminoglycans formulations 
cultured in both growth and osteogenic medium. 
Gene Growth medium Osteogenic medium 
 Collagen Collagen / GAGs Collagen Collagen / GAGs 
ALP day 14 sustained day 14 Day 14 
OSN Sustained day 14 / day 21 day 14 day 14 
DLX5 Day 21 Day 21 Day 21 Day 21 
RUNX2 Sustained Sustained Day 7 / day 14 sustained 
OSX Day 21 day 21 Day 21 sustained 
OCN Sustained Sustained sustained Day 14 
COL1 Sustained Day 14 / day 21 Day 14 Day 14 
 
As for alkaline phosphatase expression (ALP), it can be seen how it presents a peak of 
expression at day 14 for all the studied conditions except for those hydrogels containing 
glycosaminoglycans maintained in growth medium, for which ALP expression is sustained. It can 
be seen how its expression is slightly higher for those samples cultured in osteogenic medium. 
Although alkaline phosphatase is a ubiquitous protein and its presence is not restricted to bone 
tissue, it has been reported how it may act as an early indicator of cellular activity and osteogenic 
differentiation. 
OSN, is not bone specific either, however constitutes one of the most abundant non-
collagenous protein expressed in mineralized tissues22. For those samples cultured in osteogenic 
medium, its expression presents a peak after 14 days of culture, while for the other conditions is 
nearly sustained. Its level of expression is nearly the same for those samples cultured in growth 
and those cultured in osteogenic medium. Thus, we can conclude that the presence of chemical 
signaling has no effect over its expression in the studied hydrogel formulations.  
RUNX2 is regarded as the master regulator of osteogenesis, however it is not bone specific. It 
can be seen how its expression is sustained for all the studied conditions, except for collagen 
hydrogels cultured in osteogenic medium, for which its expression decreases at day 21.  




Figure IV-18. Expression kinetics of the analyzed genes. Gene expression in ADMSCs cultured for 1, 2 and 3 weeks in 
both (A) growth and (B) osteogenic medium in collagen (COL) and collagen/hyaluronic acid/ chondroitin sulfate 
hydrogels (COL/GAGs). Ct values relative to ribosomal protein L22 (RPL22) are represented. (Statistical differences are 
indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
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Next, Figure IV-19, shows the expression of osterix (OSX) and osteocalcin (OCN) two bone-
specific markers, and of collagen type I (COL1) which, as already mentioned, is one of the main 
constituents of bone matrix.  
As for osterix (OSX), it can be seen how it presents a peak of expression after 3 weeks of 
culture. It appears to be slightly higher for collagen hydrogels, which may indicate that the 
presence of glycosaminoglycans in the hydrogel formulation may be detrimental for osteogenic 
differentiation process. Osteocalcin (OCN) expression is sustained over time except for those 
samples containing GAGs and maintained in osteogenic medium, for which the expression 
presents a peak at day 14. The expression is similar for those samples cultured in growth and 
osteogenic medium. As for, collagen type I it can be seen how its expression is higher for those 
samples maintained in growth medium, and a peak of expression is observed at day 14 of cultures 
for almost all the studied conditions.  
 
Figure IV-19. Expression kinetics of the analyzed genes (continuation). Gene expression in ADMSCs cultured for 1, 2 
and 3 weeks in both (A) growth and (B) osteogenic medium in collagen (COL) and collagen/hyaluronic acid/ chondroitin 
sulfate hydrogels (COL/GAGs). Ct values relative to ribosomal protein L22 (RPL22) are represented. (Statistical 
differences are indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
  
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
 149 
Next, Figure IV-20 shows gene expression results for the analyzed genes with respect to 
collagen hydrogels, which give us insight on the effect of the presence of both hyaluronic acid 
and chondroitin sulfate in the hydrogel formulation. As it can be appreciated, generally we observe 
downregulation of most of the genes for formulations containing GAGs with respect of hydrogels 
made of collagen. Thus, it can be hypothesized that the presence of hyaluronic acid and 
chondroitin sulfate has a negative effect over osteogenesis of adipose-derived mesenchymal 
stem cells. These results open the doors to achieve a distinct cell behavior along the hydrogel 
structure by tailoring hyaluronic acid and chondroitin sulfate concentration through the scaffold. 
Moreover, as the designed hydrogel matrix shows a great versatility and can be easily tuned, the 





Figure IV-20. qPCR results for chondrogenic markers. Gene expression in ADMSCs cultured for 1, 2 and 3 weeks in 
both growth and osteogenic medium in collagen/hyaluronic acid/ chondroitin sulfate hydrogels. Ct values relative to 
ribosomal protein L22 (RPL22) are represented relative to collagen hydrogel cultures. (Statistical differences are 
indicated as: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001, Two-way ANOVA, n = 3). 
To sum up, in the present chapter, we have demonstrated how cell migration and hydrogel 
colonization can take place through the designed hydrogel matrix. Moreover, it has been seen 
how the expression of some chondrogenic markers is enhanced by the presence of 
glycosaminoglycans in the hydrogel formulation, as well as it seems that the addition of GAGs 
delays hypertrophy. On the contrary, for osteogenic differentiation, it has been seen how both 
hyaluronic acid and chondroitin sulfate seem to have a negative effect over the process. Thus, a 
simultaneous chondrogenic and osteogenic differentiation could be achieved by the creation of 
chemical gradients.   
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4.4 Concluding remarks 
In the present chapter, we have demonstrated the cell homing potential of the designed 
hydrogel formulation as well as its both chondrogenic and osteogenic potential. As already 
mentioned, scaffolding techniques for the repair of osteochondral lesions are often combined with 
subchondral bone stimulation techniques, to promote migration of mesenchymal stem cells from 
the subchondral plate towards the defect site. Thus, it is critical that the designed scaffold allows 
cell migration and colonization, and that provides a suitable environment for cell differentiation.  
As for cell homing potential, we have presented the results obtained for both a vertical and a 
horizontal experimental setup. First, we have studied cell migration through collagen and 
collagen/glycosaminoglycans hydrogels using a vertical setup. Cells were allowed to proliferate 
for 11 days and images obtained with confocal microscopy show how at the end of the experiment 
cells were distributed through the hydrogel structure, as migration has taken place. Differences 
in cell density on the top of the hydrogel at day 1 of culture reveal the higher degree of reticulation 
of hydrogels containing GAGs. Moreover, thanks to second harmonic generation we have been 
able to see differences in collagen fiber organization depending on the presence of 
glycosaminoglycans in the hydrogel formulation. Next, in order to eliminate the effect of gravity 
we designed a horizontal setup and repeated the experiment in both growth and chondrogenic 
medium. We demonstrated how cells migrate towards the hydrogel structure and begin its 
colonization. Cells under chondrogenic induction exhibited morphologic changes as they 
underwent differentiation.  
Moreover, in the present chapter an evaluation of both chondrogenic and osteogenic potential 
of the hydrogel formulation has been presented.  
As first approach, we assessed the transdifferentiation of hNDFs embedded in both collagen 
and collagen/GAGs hydrogels. Western blot results revealed the presence of collagen type II for 
collagen and collagen/GAGs hydrogels under chondrogenic induction after 50 days of culture. 
Moreover, we have analyzed the expression of different chondrogenic marker genes through RT-
PCR. We have detected expression of both ACAN and COL2, two of the main constituents of the 
cartilaginous matrix. It points out that the expression of hypertrophic markers COL10 and RUNX2 
is downregulated for those hydrogels containing GAGs, which is a positive effect over the 
obtention and maintenance of hyaline cartilage. However, further analysis are required to assess 
the quality of the obtained tissue. Moreover, we have demonstrated how the hydrogel presents a 
weak mineralization after 50 days of culture in both growth and chondrogenic medium. 
Mechanical studies performed with DMA show how measured under compression storage 
modulus (G’) reaches values close to those of human hyaline cartilage measured under similar 
conditions. 
Next, the chondrogenic potential of ADMSCs embedded in both collagen and 
collagen/glycosaminoglycans hydrogel formulation was assessed. The study of the expression of 
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both chondrogenic and hypertrophic genes has been performed. It has been seen how the 
presence of GAGs enhances aggrecan expression. Again, as it occurred for hNDFs 
transdifferentiation process, COL10 expression is downregulated in those hydrogels containing 
GAGs, which leads us to hypothesize that the presence of hyaluronic acid and chondroitin sulfate 
could help to maintain hyaline cartilage phenotype and delay the appearance of hypertrophy. 
However, as already mentioned, the latter has to be confirmed by using, for instance, histologic 
techniques. 
Finally, an assessment of the osteogenic potential of the designed hydrogel formulation has 
been presented. First, we have demonstrated that we can induce mineralization in both 2D and 
3D cultures using an induction medium. Without induction, mineralization does not occur thus, we 
can trigger the process when desired. Next, different osteogenic marker genes were analyzed by 
RT PCR. The obtained results show how hyaluronic acid and chondroitin sulfate seem to have a 
negative effect over osteogenesis, as generally, marker genes appear to be downregulated for 
those hydrogels containing GAGs.  
  
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
152 
4.5 References 
(1)  Yan, L.-P.; Oliveira, J. M.; Oliveira, A. L.; Reis, R. L. Current Concepts and Challenges in 
Osteochondral Tissue Engineering and Regenerative Medicine. ACS Biomater. Sci. Eng. 
2015, 1 (4), 183–200. 
(2)  Im, G.-I. Regeneration of Articular Cartilage Using Adipose Stem Cells. J. Biomed. Mater. 
Res. Part A 2016, 104 (7), 1830–1844. 
(3)  Eslaminejad, M. B. Mesenchymal Stem Cells as a Potent Cell Source for Articular 
Cartilage Regeneration. World J. Stem Cells 2014, 6 (3), 344. 
(4)  Xian, C. J.; Foster, B. K. Repair of Injured Articular and Growth Plate Cartilage Using 
Mesenchymal Stem Cells and Chondrogenic Gene Therapy. Curr. Stem Cell Res. Ther. 
2006, 1 (2), 213–229. 
(5)  Lin, W.; Xu, L.; Zwingenberger, S.; Gibon, E.; Goodman, S. B.; Li, G. Mesenchymal Stem 
Cells Homing to Improve Bone Healing. J. Orthop. Transl. 2017, 9, 19–27. 
(6)  Hoffman, J. K.; Geraghty, S.; Protzman, N. M. Articular Cartilage Repair Using Marrow 
Stimulation Augmented with a Viable Chondral Allograft: 9-Month Postoperative 
Histological Evaluation. Case Rep. Orthop. 2015, 2015, 1–10. 
(7)  S Dhinsa, B.; B Adesida, A. Current Clinical Therapies for Cartilage Repair, Their 
Limitation and the Role of Stem Cells. Curr. Stem Cell Res. Ther. 2012, 7 (2), 143–148. 
(8)  Liu, Y.; Zhou, G.; Cao, Y. Recent Progress in Cartilage Tissue Engineering—Our 
Experience and Future Directions. Engineering 2017, 3 (1), 28–35. 
(9)  Stromps, J. P.; Paul, N. E.; Rath, B.; Nourbakhsh, M.; Bernhagen, J.; Pallua, N. 
Chondrogenic Differentiation of Human Adipose-Derived Stem Cells: A New Path in 
Articular Cartilage Defect Management? Biomed Res Int 2014, 2014, 740926. 
(10)  Walmsley, G. G.; Cheung, A. T. M.; Hu, M. S.; Lorenz, H. P.; Longaker, M. T. Osteogenic 
Differentiation of Adipose-Derived Stromal Cells: Advancements and Future Directions for 
Bone Tissue Engineering. Sci. Proc. 2016, 1–6. 
(11)  Beederman, M.; Lamplot, J. D.; Nan, G.; Wang, J.; Liu, X.; Yin, L.; Li, R.; Shui, W.; Zhang, 
H.; Kim, S. H.; Zhang, W.; Zhang, J.; Kong, Y.; Denduluri, S.; Rogers, M. R.; Pratt, A.; 
Haydon, R. C.; Luu, H. H.; Angeles, J.; Shi, L. L.; He, T.-C. BMP Signaling in Mesenchymal 
Stem Cell Differentiation and Bone Formation. J. Biomed. Sci. Eng. 2013, 6 (August), 32–
52. 
(12)  Calabrese, G.; Giuffrida, R.; Forte, S.; Fabbi, C.; Figallo, E.; Salvatorelli, L.; Memeo, L.; 
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
 153 
Parenti, R.; Gulisano, M.; Gulino, R. Human Adipose-Derived Mesenchymal Stem Cells 
Seeded into a Collagen-Hydroxyapatite Scaffold Promote Bone Augmentation after 
Implantation in the Mouse. Sci. Rep. 2017, 7 (1), 1–11. 
(13)  Wang, X.-F.; Song, Y.; Liu, Y.-S.; Sun, Y.-C.; Wang, Y.-G.; Wang, Y.; Lyu, P.-J. 
Osteogenic Differentiation of Three-Dimensional Bioprinted Constructs Consisting of 
Human Adipose-Derived Stem Cells In Vitro and In Vivo. PLoS One 2016, 11 (6). 
(14)  Sun, H.; Liu, Y.; Jiang, T.; Liu, X.; He, A.; Li, J.; Zhang, W.; Liu, W.; Cao, Y.; Zhou, G. 
Chondrogenic Differentiation and Three Dimensional Chondrogenesis of Human Adipose-
Derived Stem Cells Induced by Engineered Cartilage-Derived Conditional Media. Tissue 
Eng. Regen. Med. 2014, 11 (1), 59–66. 
(15)  Hamid, A. a; Idrus, R. B. H.; Saim, A. B.; Somasumdaram, S.; Chua, K.-H. 
Characterization of Human Adipose-Derived Stem Cells and Expression of Chondrogenic 
Genes during Induction of Cartilage Differentiation. Clinics 2012, 67 (2), 99–106. 
(16)  Zhang, K.; He, S.; Yan, S.; Li, G.; Zhang, D.; Cui, L.; Yin, J. Regeneration of Hyaline-like 
Cartilage and Subchondral Bone Simultaneously by Poly( L -Glutamic Acid) Based 
Osteochondral Scaffolds with Induced Autologous Adipose Derived Stem Cells. J. Mater. 
Chem. B 2016, 4 (15), 2628–2645. 
(17)  Horkay, F. Interactions of Cartilage Extracellular Matrix Macromolecules. J Polym Sci B 
Polym Phys 2012, 50 (24), 1699–1705. 
(18)  Shi, S.; Wang, C.; Acton, A. J.; Eckert, G. J.; Trippel, S. B. Role of Sox9 in Growth Factor 
Regulation of Articular Chondrocytes. J. Cell. Biochem. 2015, 116 (7), 1391–1400. 
(19)  Akiyama, H. Control of Chondrogenesis by the Transcription Factor Sox9. Mod. 
Rheumatol. 2008, 18 (3), 213–219. 
(20)  Shen, G. The Role of Type X Collagen in Faciliating and Regulation Endochondral 
Ossification of Articular Cartilage. Orthod. Craniofac. Res. 2005, 8, 11–17. 
(21)  Higashikawa, A.; Saito, T.; Ikeda, T.; Kamekura, S.; Kawamura, N.; Kan, A.; Oshima, Y.; 
Ohba, S.; Ogata, N.; Takeshita, K.; Nakamura, K.; Chung, U. Il; Kawaguchi, H. 
Identification of the Core Element Responsive to Runt-Related Transcription Factor 2 in 
the Promoter of Human Type X Collagen Gene. Arthritis Rheum. 2009, 60 (1), 166–178. 
(22)  Rosset, E. M.; Bradshaw, A. D. SPARC/Osteonectin in Mineralized Tissue. Matrix Biol. 
2016, 52–54, 78–87. 
(23)  Tsao, Y.-T.; Huang, Y.-J.; Wu, H.-H.; Liu, Y.-A.; Liu, Y.-S.; Lee, O. Osteocalcin Mediates 
Biomineralization during Osteogenic Maturation in Human Mesenchymal Stromal Cells. 
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
154 
Int. J. Mol. Sci. 2017, 18 (1), 159. 
(24)  Samee, N.; Geoffroy, V.; Marty, C.; Schiltz, C.; Vieux-Rochas, M.; Levi, G.; de Vernejoul, 
M.-C. Dlx5, a Positive Regulator of Osteoblastogenesis, Is Essential for Osteoblast-
Osteoclast Coupling. Am. J. Pathol. 2008, 173 (3), 773–780. 
(25)  Núñez-Toldrà, R.; Dosta, P.; Montori, S.; Ramos, V.; Atari, M.; Borrós, S. Improvement of 
Osteogenesis in Dental Pulp Pluripotent-like Stem Cells by Oligopeptide-Modified Poly(ß-
Amino Ester)S. Acta Biomater. 2017, 53, 152–164. 
(26)  Fernández-muiños, T.; Recha-sancho, L.; Lopez-chicon, P.; Castells-sala, C.; Mata, A.; 
Semino, C. E. Bimolecular Based Heparin and Self-Assembling Hydrogel for Tissue 
Engineering Applications. 2015, 16, 35–48. 
(27)  Stott, N. S.; Jiang, T. X.; Chuong, C. M. Successive Formative Stages of Precartilaginous 
Mesenchymal Condensations in Vitro: Modulation of Cell Adhesion by Wnt-7a and BMP-
2. J. Cell. Physiol. 1999, 180 (3), 314–324. 
(28)  Ghosh, S.; Laha, M.; Mandal, S.; Sengupta, S.; Kaplan, D. L. In Vitro Model of 
Mesenchymal Condensation during Chondrogenic Development. Biomaterials 2009, 30 
(33), 6530–6540. 
(29)  Bussmann, B. M.; Reiche, S.; Marí-buyé, N.; Castells-sala, C.; Meisel, H. J.; Semino, C. 
E. Chondrogenic Potential of Human Dermal Fi Broblasts in a Contractile , Soft , Self-
Assembling , Peptide Hydrogel. J Tissue Eng Regen Med 2013. 
(30)  Junker, J. P. E.; Sommar, P.; Skog, M.; Johnson, H.; Kratz, G. Adipogenic, Chondrogenic 
and Osteogenic Differentiation of Clonally Derived Human Dermal Fibroblasts. Cells 
Tissues Organs 2010, 191 (2), 105–118. 
(31)  Hee, C. K.; Nicoll, S. B. Endogenous Bone Morphogenetic Proteins Mediate 1a, 25-
Dihydroxyvitamin D3-Induced Expression of Osteoblast Differentiation Markers in Human 
Dermal Fibroblasts. J. Orthop. Res. 2009, 27 (2), 162–168. 
(32)  Sommar, P.; Pettersson, S.; Ness, C.; Johnson, H.; Kratz, G.; Junker, J. P. E. Engineering 
Three-Dimensional Cartilage- and Bone-like Tissues Using Human Dermal Fibroblasts 
and Macroporous Gelatine Microcarriers. J. Plast. Reconstr. Aesthetic Surg. 2010, 63 (6), 
1036–1046. 
(33)  Blasi, A.; Martino, C.; Balducci, L.; Saldarelli, M.; Soleti, A.; Navone, S.; Canzi, L.; Cristini, 
S.; Invernici, G.; Parati, E.; Alessandri, G. Dermal Fibroblasts Display Similar Phenotypic 
and Differentiation Capacity to Fat-Derived Mesenchymal Stem Cells, but Differ in Anti-
Inflammatory and Angiogenic Potential. Vasc. Cell 2011, 3, 1–14. 
Chapter IV – Cell-homing, chondrogenic and osteogenic-inducing potential of the hydrogel formulation 
 155 
(34)  Singh, M.; Pierpoint, M.; Mikos, A. G.; Kasper, F. K. Chondrogenic Differentiation of 
Neonatal Human Dermal Fibroblasts Encapsulated in Alginate Beads with Hydrostatic 
Compression under Hypoxic Conditions in the Presence of Bone Morphogenetic Protein-
2. J. Biomed. Mater. Res. A 2011, 98 (3), 412–424. 
(35)  Nicoll, S. B.; Wedrychowska,  a; Smith, N. R.; Bhatnagar, R. S. Modulation of Proteoglycan 
and Collagen Profiles in Human Dermal Fibroblasts by High Density Micromass Culture 
and Treatment with Lactic Acid Suggests Change to a Chondrogenic Phenotype. Connect. 
Tissue Res. 2001, 42 (1), 59–69. 
(36)  Yates, K. E.; Forbes, R. L.; Glowacki, J. New Chondrocyte Genes Discovered by 
Chondroinduced Human Fibroblasts. 2004, 02115, 41–53. 
(37)  Chen, S.; Fu, P.; Cong, R.; Wu, H. S.; Pei, M. Strategies to Minimize Hypertrophy in 
Cartilage Engineering and Regeneration. Genes Dis. 2015, 2 (1), 76–95. 
(38)  Park, S.; Hung, C. T.; Ateshian, G. A. Mechanical Response of Bovine Articular Cartilage 
under Dynamic Unconfined Compression Loading at Physiological Stress Levels. 
























Chapter V. Conclusions 
 




This page left blank intentionally 




In this thesis, a collagen-based hydrogel immobilizing technology has been developed and 
applied to build a heterogeneous osteochondral scaffold with great potential to be used in the 
treatment of osteoarthritis. The heterogeneous scaffold is composed of a cartilage-like collagen-
based hydrogel attached to a bone-like bioceramic platform through a polymeric coating obtained 
by PECVD. With the developed scaffold we intent to mimic the whole joint structure, from the 
subchondral bone to the articular surface.  
Firstly, in order to gain insight into the bone-like platform design, different commercial bone 
substitutes have been analyzed and characterized, focusing on their composition and degree of 
crystallinity. Moreover, both the presence of a PFM coating over hydroxyapatite bioactivity and its 
ability to covalently bind collagen molecules to form a protein monolayer have been evaluated. 
The latter is critical to guarantee a stable bond between the bone-like platform and the hydrogel, 
which will self-assemble onto the bioceramics using the collagen monolayer as anchoring point.  
 It has been demonstrated how both composition and degree of crystallinity play a critical 
role in the bioactivity of the studied bioceramics. It has been seen how bioceramics 
bioactivity can be tailored by the modification of its -TCP/HA ratio.  
 A hydroxyapatite bioceramic has been successfully coated with PFM by PECVD. It has 
been demonstrated how the presence of the polymeric coating not only does not prevent 
the crystallization of calcium phosphates, but also seems to provide nucleation points that 
promote precipitate formation.  
To study the ability of the polymeric coating to bind collagen molecules, QCM-D technique has 
been used. QCM-D studies of collagen adsorption onto different substrates, stainless steel, 
hydroxyapatite and PFM-coated stainless steel, have demonstrated how PFM allows the 
immobilization of a higher amount of collagen molecules. Besides, thanks to the presence of 
highly reactive ester groups and their high reactivity towards amines, collagen molecules are 
covalently attached to the PFM coating, and its interaction is not affected by physiological 
changes such as ionic exchange. 
Secondly, it has been demonstrated how collagen fibrillation process can be monitored using 
QCM-D technique. The effect of the presence of a PFM coating over fibrillation process has been 
analyzed, as well as the interaction of collagen with both hyaluronic acid and chondroitin sulfate.  
 Fiber formation is reflected by dissipation changes while frequency signal remains nearly 
unaffected. This phenomenon is attributed to the fact that the adsorbed collagen fiber mesh 
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is not fully coupled to the sensor surface due to its high viscoelasticity and it does not follow 
sensor’s oscillation preventing changes in frequency signal.  
 To trigger fibril formation onto non-treated sensors both temperature change and the 
introduction of a fresh collagen solution are required. When working with PFM-coated 
sensors, fibrillation process is detected right after the change of temperature, without the 
need of flowing a fresh collagen solution through the QCM-D chamber. The presence of 
the PFM-coating allows the immobilization of higher amount of collagen molecules, 
enabling fiber formation when the temperature reaches physiologic value.  
 It has been observed how there is a strong interaction between positively charged collagen 
molecules and negatively charged GAGs. The QCM-D data shows how a previously 
adsorbed collagen thin film collapses after the flow of GAG solutions, as the ionic 
interaction causes the expulsion of water molecules.  
In vitro studies to assess the toxicity of both the hydrogel formulation and the immobilization 
methodology have been performed. 
 It has been demonstrated how the composite hydrogel formulation has no toxic effect over 
cells, as well as the designed encapsulation procedure.  
 As for the linking interface, it has been proved that the immobilization protocol does not 
affect cell viability as the procedure enables the elimination of the cytotoxic group 
pentafluorophenol.  
Moreover, we have demonstrated the versatility of the designed immobilization procedure, as 
it can be applied over substrates very different in nature such as a collagen membrane, a PTFE 
membrane and a hydroxyapatite disk.  
Finally, we have demonstrated the cell homing capacity of the designed hydrogel formulation 
as well as its both chondrogenic and osteogenic potential.  
 Using a vertical setup, we have demonstrated how cells are able to proliferate and migrate 
through the hydrogel structure. Thanks to confocal microscopy with multiphoton, and 
second harmonic generation we have seen how the presence of both hyaluronic acid and 
chondroitin sulfate lead to a different collagen fiber organization.  
 Next, using a horizontal experimental we eliminate the gravity effect, which facilitates cell 
migration, present in the vertical conformation presented previously. We have 
demonstrated that cells can migrate and colonize the hydrogel formulation even when they 
come from a bidimensional culture.  
Chapter V – Conclusions 
161 
The chondrogenic potential of the hydrogel formulation has been studied using both hNDFs 
and ADMSCs.  
As first approach, we studied the hydrogel potential to induce hNDFs transdifferentiation, and: 
 Initial western blot results show how collagen type II, one of the main constituents of the 
cartilage matrix, is detected when cells are maintained in a chondro-inductive environment, 
with and without the presence of glycosaminoglycans. 
 RT-PCR results reveal that glycosaminoglycans seem to have a positive effect in reducing 
the expression of hypertrophic markers COL10 and RUNX2 which appear to be 
downregulated for those formulations containing GAGs. Moreover, mineralization studies 
reveal how after 50 days of culture constructs are weakly mineralized when cultured both 
in growth and chondrogenic medium.  
 DMA compression studies show how after 30 days of culture G’ reach characteristic values 
of human cartilage tissue, obtained under similar experimental conditions.  
Next, due to their potential to be used a stem cell source for regenerative purposes, we 
assessed the chondrogenic differentiation of ADMSCs embedded in the hydrogel formulation.  
 RT-PCR results show how the presence of GAGs enhances aggrecan expression, one 
of the main constituents of the cartilage matrix. 
 As it occurred with hNDFs, the expression of the hypertrophic marker COL10 is 
downregulated in the presence of hyaluronic acid and chondroitin sulfate. 
Finally, an evaluation of the osteogenic potential of the hydrogel formulation over ADMSCs is 
presented: 
 It has been demonstrated how mineralization occurs both in 2D and 3D culture under 
osteo-inductive conditions. Without induction, mineralization does not take place which 
is interesting as it gives us control to trigger the process when desired.  
 RT-PCR analysis of osteogenesis marker genes reveals how the presence of GAGs 
seem to have a negative effect over osteogenesis. Generally, osteogenic marker genes 
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